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ABSTRACT
Sexual lubricants are used to enable sexual encounters. There are different types of sexual
lubricants such as water-based, oil-based, and silicone-based. They come pre-applied to condoms
and separately in bottles as personal lubricants. Although sexual lubricants are intended for
consensual use, they are also unfortunately used during the commission of sexual assaults. The
analysis of sexual lubricants facilitates sexual assault investigations. With the increased usage of
condoms in sexual assault cases, the potential of collected DNA evidence in each case is
reduced. In the absence of biological evidence, the presence of sexual lubricants after a sexual
assault can provide an additional link between a suspect and the crime scene and/or victim.
Having the ability to compare known and unknown sexual lubricants may be the only actionable
information available for investigators.
Current lubricant analysis only classifies samples into lubricant types based on the major
component such as glycerol, petrolatum, and polydimethylsiloxane for water-based, oil-based,
and silicone-based lubricants respectively. Differentiation within major types has not been
explored. Previously, protocols have been developed to detect and categorize personal lubricants
using Fourier transform infrared (FTIR) spectroscopy, gas chromatography-mass spectrometry
(GC-MS), liquid chromatography mass spectrometry (LC-MS), and pyrolysis GC-MS. FTIR is
routinely used as a screening tool to detect peaks of the major lubricant components and the mass
spectrometry (MS) techniques are commonly used to confirm the presence of some of the major
components, excluding PDMS.
This thesis focused on the differentiation of silicone-based personal and condom
lubricants because it is a common type of lubricant due to its ability to reduce friction for a
longer period of time. Fifty-six (56) silicone personal and condom lubricants were analyzed to
iii

identify unique characteristics that can be used to determine individual sub-classes and test those
sub-classes. Direct analysis in real time-time of flight mass spectrometry (DART-TOFMS) was
utilized because minor and unique molecular ions that could be attributed to different sub-groups
can easily be distinguished from the major sample peaks. This is primarily based on the direct
mass spectrometry design of the instrumentation that can differentiate minor components from
major components that might not be observed using traditional chromatographic separation. The
DART source creates molecular ions for individual components in mixed samples under
atmospheric conditions in either positive or negative mode. The TOF-MS, which is capable of
high resolution and accurate mass analysis, allows more accurate and precise detection of
molecular component ions. Additionally, no sample preparation is required to analyze neat
samples, which minimizes potential contamination issues. Attenuated total reflectance-FTIR
(ATR-FIR) was used to analyze the training set personal lubricants to compare previous methods
of analysis to the newly developed DART-TOFMS method of analysis.
Principle component analysis (PCA) and cluster analysis were used to identify potential
sub-groups and subsequently a classification scheme. Linear discriminant analysis was utilized to
conduct leave one out cross validation and to categorize test samples. Eight sub-groups were
developed based on the presence and/or absence of PDMS and minor component peaks
observed.
A classification scheme was developed using the eight sub-groups identified through
PCA and cluster analysis. This classification scheme was tested using LDA to classify blind
samples. One group includes a scented personal lubricant. Another group includes flavored
condom lubricants. The other groups were developed based on the relative intensity of PDMS
peaks and minor component peaks. Variation of the intensity of PDMS peaks between and
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within samples of different lot numbers causes some misclassification of samples. This
classification scheme also doesn’t take into account real-world factors such as dilution and
biodegradation. Although further research is required to create a more stable classification
scheme, the identified sub-groups are a good foundation for the creation of a lubricant database
and finalized classification scheme.
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CHAPTER ONE:
INTRODUCTION
Sexual assault is an unfortunate reality. A survey conducted by the National Center for
Injury Prevention and Control revealed that approximately 1 in 5 women and 1 in 71 men are
sexually assaulted at some point in their lives1. In addition to that startling statistic, condom
usage during sexual assaults has dramatically increased in recent years as a method of capture
prevention2. Condoms drastically reduce the chance that DNA evidence will be left after
perpetration of the crime. In the absence of DNA, trace evidence such as sexual lubricants must
be examined more closely to determine if a link can be created between a suspect and the victim
or the crime scene based on lubricant evidence.
Lubricants are generally separated into three major marketing groups: silicone-based,
water-based, and oil-based3. The common components for each type of lubricant are presented in
Table 1. Along with this marketing scheme, lubricants can also be separated into condom and
personal (bottled) lubricants.
Table 1: General Lubricant Components
Lubricant Type
Silicone-based
Water-based
Oil-based

Ingredients
Polydimethylsiloxane (PDMS, dimethicone), Hydroxylterminated PDMS (dimethiconol), Cyclopentasiloxane, Tocopheryl
Acetate (Vitamin E Acetate)
Glycerol, Polyethylene Glycol (PEG), Methyl/Propyl
Paraben, Water, Carboxymethyl Cellulose, Flavors, Scents, Colors
Petrolatum (petroleum grease)

Silicone-based lubricants, which is the focus of this thesis, present challenges when
attempting to analyze them. Traditional mass spectrometric techniques, i.e. gas chromatographymass spectrometry (GC-MS), are unable to analyze silicone-based lubricants due to the siloxanes
in them4. The GC column’s stationary phase is coated in siloxanes, so the lubricant siloxanes are
1

too similar to travel through the column without being retained within the coating. There are
techniques such as pyrolysis-GC-MS which degrade the samples at high temperatures, making
analysis of minor components in silicone lubricants difficult. These minor components are
important since silicone lubricants have simple compositions with few ingredients. The major
component, polydimethylsiloxane (PDMS), often overshadows any other ingredient, so a method
of detecting minor components is essential in finding differences between samples.
The direct analysis in real time-time-of-flight mass spectrometer (DART-TOFMS) has
the capabilities to analyze silicone-based lubricant without any adverse issues5,6. Not only is it
capable of analyzing siloxanes without degradation of the sample, the DART ion source is
capable of rapidly ionizing samples with little to no sample preparation. The TOFMS is capable
of detecting molecular ions with a high degree of accuracy and with high resolution, which is
useful when identifying major and minor components of the lubricants7.
This research focused on creating a protocol and characterization scheme to differentiate
between silicone-based personal and condom lubricants through the use of DART-TOFMS.
These results were compared to attenuated total reflectance-Fourier transform infrared
spectrometer’s (ATR-FTIR) ability to characterize samples. Creating chemical sub-groups will
provide more specific information that can be used to identify an unknown silicone-based
lubricant collected in a sexual assault kit. This will be applicable in sexual assault cases by
providing more information that could provide additional connections between a suspect and the
victim or crime scene.
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CHAPTER TWO:
LITERATURE REVIEW
Lubricant analysis is a relatively new field in forensic science. Therefore, less research
has been performed on the analysis of lubricants for forensic purposes when compared to
traditional subjects such as gunshot residue or toxicology. Lubricant research has mainly focused
on general classification, identifying the major component and a few minor components. It is
necessary to expand this body of research to determine if lubricants can be incorporated into
daily forensic operation for sexual assault cases.

2.1 Lubricants Background
Sexual lubricants are applied to reduce friction during sexual encounters. Lubricants are
commonly found as either personal or condom lubricants. Personal lubricants ae packaged
separately in bottles or tubes. Condom lubricants are pre-applied to the condom during
manufacturing before being sealed in each packet. Personal lubricants can be water-based, oilbased, or silicone-based3,8. However, combinations of the various personal lubricants have been
created to make “hybrid” lubricants. While lubricated condoms are commonly used in sexual
assaults, personal lubricants can be used as well. This research focuses on identifying
characteristic markers of silicone-based personal lubricants to create a classification scheme for
the forensic community.
The compositions of personal lubricants are drastically different. Water-based lubricants
typically contain one or more water-soluble polymers, an emollient which is a type of
moisturizer, such as glycerin, and antibacterial agents such as chlorhexidine3,9. Water-based
condom lubricants can be found but are often less common than the silicone-based version. This
3

is because they dry out faster than silicone condom lubricants. Different additives can be used to
create flavors, scents, or sensations (i.e. warming or cooling) in water-based lubricants.
Spermicides such as nonoxynol-9 can be used as a contraception measure. Glycerol-based
lubricants contain different versions of glycerol like propylene glycol or polyethylene glycol3, 9.
However, since glycerols are often added to water-based lubricants, some may not consider it a
separate group. There are some formulations, though, that contain glycerol as its main
component like some warming lubricants.
Oil-based lubricants primarily observed as personal lubricants because they degrade the
rubber in condoms. The major component can vary depending on what type of oil is used, like
petrolatum, mineral oil, or lanolin.
Silicone-based lubricants are not as widely available as personal lubricants as waterbased ones and are typically more expensive. They are, however, the most widely used condom
lubricant. Silicone-based personal lubricants typically contain fewer than four ingredients and
always contain a type of PDMS3, 9. PDMS has several different formulations. It can be straightchained which is terminated by either methyl (Figure 1a) or hydroxyl groups (Figure 1b). The
monomers can also connect together to form a ring, which are known as cyclic PDMS (Figure
1c). PDMS and its various formations have other common names such as dimethicone,
dimethiconol, and cyclomethicone. Although not common, some silicone-based personal
lubricants advertise scents and sensations.
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(a)

(b)

(c)

Figure 1. PDMS configurations: (a) PDMS; (b) OH-PDMS; (c) Cyclopentasiloxane
Maynard et al. created a protocol for the forensic analysis of lubricants9. Each sample
was applied to a swab and then initially extracted with hexane. Subsequently, the sample was
extracted with methanol in order to extract both polar and nonpolar components. Both extracts
were analyzed with Fourier transform infrared spectroscopy to screen for major components such
as PDMS or PEG. In the hexane extract, if PDMS or petrolatum peaks were detected, the rest of
the extract was analyzed by pyrolysis gas chromatography-mass spectrometry (pyGC-MS) or
GC-MS respectively to confirm its presence. PDMS peaks consisted of a peak at 1263 reciprocal
centimeters (cm-1) and doublets at 1097 and 1021 cm-1 and 867 and 807 cm-1. Petrolatum gave
peaks typical of hydrocarbon molecules: 2954, 2922, 2851, 1469, 1378, and 859 cm-1. The
methanol extract was screened for peaks indicating the presence of glycerin, nonoxynol-9, PEG
or propylethylene glycol. Glycerin spectra contained a broad stretch at 3100-3600 cm-1 and peaks
at 2937, 2881, 1600, 1418, 1334, 1227, 1116, 1045, 992, 923, and 856 cm-1. A moderately
intense peak between 685-500 cm-1 was also present. PEG peaks contained a broad peak between
3100-3700 cm-1, a broad peak at 2871 cm-1, and peaks at 1468, 1353, 1281, 1116, 949, and 843
cm-1. Nonoxynol-9 spectra contained a broad stretch between 3100-3600 cm-1 and peaks at 1734,
1611, 1460, 1354, 1299, 1192, 1116, 954, 835, and 807 cm-1. Liquid chromatography-mass
spectrometry (LC-MS) was used to confirm the presence of these compounds. This protocol was
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created to assign the major type of lubricant to a sample, not differentiate within each type.
Minor components were not considered in this study since the focus was on the major
contributors. For silicone-based lubricants in particular, the hexane extract containing the PDMS
and other non-polar components were run on the pyGC-MS due to the affinity of PDMS to the
column. However, this technique fragments all of the components, lessening the likelihood of
identifying minor components that may aid in creating sub-groups within the silicone-based
lubricant group.
Further research into the analysis of lubricants occurred when Campbell et al. performed
experiments to find the detection limits of PDMS and PEG using pyGC-MS and GC-MS
respectively to aid in analyzing condom samples10. The lubricants were extracted from the
condom wrapper using hexane for PDMS and methanol for PEG due to each component’s
polarity. It was determined that the PDMS detection limit was 1 microgram (µg) while the PEG
limit was 50 µg. Since all they could detect in the PDMS samples were the PDMS oligomers,
there were no points of discrimination within silicone-based samples. Only one sample contained
PEG, so no discrimination between PEG-based samples could be developed. They also had two
couples use the lubricant while having intercourse, using vaginal swabs at a designated pre- and
post-coital times for swab collection in order to determine how long the lubricants are detectable
after use. They found that PDMS was detectable even nine hours post-coital while PEG persisted
less than 8 hours after coitus. They did not detect PEG after this amount of time since it easily
absorbs into the skin.
Real casework includes the possibility of samples containing both lubricant residue and
DNA evidence. Coyle and Anwar used Fourier transform-Raman spectroscopy to analyze swabs
for condom lubricants without affecting DNA analysis11. Traditional methods of analysis of
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lubricants, which typically follows some variation of Maynard’s protocol, use some of the swab
in extraction, leaving less sample for DNA extraction. His method of using Raman spectroscopy
allowed the DNA analysis to occur without reduction to the sample. He was able to determine
that his method performed on par with the current methods screening for major components.
However, Coyle concluded that discrimination between samples would most likely not work
well with real casework since there are too many factors out of the analyst’s control, like the time
since the assault, whether or not a shower had been taken, and the amount of lubricant on the
condom.
Various instruments have been explored in the analysis of sexual lubricants. Burger et al.
used capillary electrophoresis to analyze condom and personal lubricants12. They were able to
characterize their samples into the groups that Maynard set up by using capillary electrophoresis
for 66 out of the 68 products by analyzing the spectra via principal component analysis, and
linear discriminant analysis. However, there were no discernable peaks when analyzing a swab
of skin that lubricant was applied just 30 minutes before the analysis. This method would not be
able to handle the small sample size a real case would provide since typically only trace levels of
lubricant will be found due in part to the time between the assault and sample collection.
Spencer et al. used matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOFMS) to classify condom lubricants in the presence of biological
fluids13. They chose this technique because it is capable of detecting components across a wide
mass range and is preferred when analyzing polymers, which are found in lubricants. They found
that it was a viable and sensitive method of analysis for condom lubricants that uses very little
sample. The matrix the sample used to dilute the sample was able to reduce the peaks from the
biological fluids, allowing the lubricant peaks to become more prominent.

7

2.2 Attenuated Total Reflectance-FTIR Background

Figure 2: ATR configuration14
An attenuated total reflectance (ATR) accessory is used in conjunction with infrared
spectroscopy to easily analyze liquid and solid samples with little to no sample preparation15. A
sample is placed on the ATR crystal window, and a totally internally reflected infrared beam hits
the sample, which is pressed directly on the crystal (Figure 2). The internally reflected beam
creates an evanescent beam. This beam reaches past the surface of the crystal into the surface of
the sample. The sample absorbs regions of the infrared spectrum, altering the evanescent beam as
it exits the opposite end of the crystal toward the detector. The detector records the changes,
creating a spectrum.
FTIR, instead of using monochromatic beam of light, uses light containing all the
wavelengths to be measured15. The beam of light travels through an interferometer, a
configuration of mirrors. One mirror is controlled by a motor, moving rapidly back and forth. A
beamsplitter divides the incoming infrared beam in two. One bounces off a stationary mirror
while the other bounces off the constantly moving mirror. The two beams recombine back at the
beamsplitter. Since one beam’s path length is constantly changing and one has a fixed path
length, the signal that comes out of the interferometer is from the beams interfering with each
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other and is a combination of all frequencies, called an interferogram. The signal is then
transformed through Fourier transformation, a mathematical technique performed by a computer
that transforms the interferogram into the more traditional frequency spectrum.
The ATR-FTIR is a useful instrument for analyzing solids and liquids with little to no
sample preparation. However, with lubricants, often only the main component is detected. It is
difficult to identify any minor components that may differentiate the samples. It focuses on
functional groups rather than molecular structure. ATR-FTIR seems to be better suited as a
screening method for a lubricant’s major type rather than analyzing a sample to find its subgroup.

2.3 Direct Analysis in Real Time-MS Background
The Direct Analysis in Real Time® (DART) ionization source can ionize a sample rapidly
under ambient conditions with little to no sample preparation6,16-17.

Figure 3: DART ion source schematic diagram18
A gas stream, typically helium, enters the ionization source (Figure 3) where a needle
electrode applies an electric potential, creating a glow discharge containing charged ions,
metastable species, and neutral atoms and molecules. An electrostatic lens with a potential
applied to it removes the charged particles, both positive and negative, leaving only the
metastable and neutral species. The remaining particles travel through the gas heater, heating the
9

ionization stream to a user-specified temperature. The electrode at the end of the ion source
determines whether the samples are being analyzed in positive or negative mode by applying a
potential to the ion stream with either a positive or negative polarity.
In positive mode analysis, the metastable species interact with water molecules in the
atmosphere between the end of the DART source and the inlet orifice of the mass spectrometer19.
The energy from the metastable ions transfer to the water molecule through Penning ionization,
causing it to protonate. An electronically excited gas-phase molecule collides with a target
molecule (M), transferring its energy to the target molecule which becomes a radical cation. This
molecule interacts with other neutral water molecules, creating a water cluster. This protonated
water cluster is what interacts with the surface of the sample by producing cations.
𝐻𝑒(23 𝑆) + 𝐻2 𝑂 → 𝐻2 𝑂+• + 𝐻𝑒(11 𝑆) + 𝑒 −
𝐻2 𝑂+• + 𝐻2 𝑂 → 𝐻3 𝑂 + + 𝑂𝐻 •
[(𝐻2 𝑂)𝑛 + 𝐻]+ + 𝑀 → [𝑀 + 𝐻]+ + 𝑛𝐻2 𝑂

(1)5
(2)
(3)

Although the protonated molecule [M+H]+ is the most prominent type of peak in DARTMS spectra, there are other peaks that are created in positive ion mode. Ammoniated peaks
[M+NH4]+, loss of water [M+H-H2O]+, and dimer peaks[2M+H]+ are just a few that can occur,
depending on the sample. Organic molecules tend to accept protons more readily than they lose
them. Therefore, positive mode typically ionizes more components than negative ionization
mode and is used more widely.
In negative ionization mode, electrons formed through Penning ionization collide with
gas molecules, slowing them down. These slower electrons become trapped by atmospheric
oxygen to form radical anions O2-• that interact with the analyte molecules. The analyte
molecules become anions.
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Negative ionization mode’s mechanism of ionization includes several different
mechanisms5:
electron capture,
𝑀 + 𝑒 − → 𝑀−•

(4)

dissociative ion capture,
𝑀 + 𝑒 − → [𝑀 − 𝑋]− + 𝑋 •

(5)

proton transfer,
𝑀 + 𝑌 → [𝑀 − 𝐻]− + [𝑀 − 𝑌]+

(6)

𝑀 + 𝐴− → [𝑀 + 𝐴]−

(7)

and anion attachment.

Peaks in negative ion mode primarily present as deprotonated anions [M-H]-. Typically,
negative ion mode is more suited to molecules that create negative ions easily. Electrophilic
molecules such as acetates, phenols, and halogenated compounds are easily ionized in negative
ion mode.
The DART ion source can be coupled to various mass spectrometers which have been
used to analyze a variety of forensic material such as controlled substances20, explosives21-22,
bodily fluids23, dyes24, and even fingerprints16,22. However, significant research on the analysis of
lubricants using DART-MS has not been done.
The DART ion source can ionize a complex sample rapidly and with little to no sample
preparation, making it a useful tool to analyze lubricants5,16. When it is coupled with a mass
spectrometer that can perform high resolution and accurate mass analysis like a time-of-flight
mass spectrometer (TOFMS), components within a sample can be identified with a high degree
of accuracy7. In a TOFMS, the ion stream that enters the mass spectrometer is accelerated by an
electric field towards the detector. Each ion has the same initial kinetic energy as every other ion,
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allowing the ions to separate based on the number of charges on the ion, each compound’s mass,
and how quickly they travel through the acceleration zome. Heavier ions and ions with a lower
charge move slower than lighter and more highly charged ions. The time it takes each ion to
reach the detector determines its measured mass to charge ratio (m/z).
Few researchers have analyzed condom lubricants using the DART ion source. This
group includes Musah et al.6. They used a DART-TOFMS to confirm that it was capable of
detecting peaks indicative of condom manufacture such as acetone anil, a rubber/latex
antioxidant. Even a fingerprint placed by someone who had condom lubricant on his hands was
detectable without any sample preparation. This paper demonstrated how well the DARTTOFMS can analyze forensic samples rapidly, without sample preparation, and with very small
amounts of sample. It is clear that the DART-TOFMS is ideal for analyzing lubricants.
Gross et al. used a DART-Fourier transform ion cyclotron mass spectrometer (DARTFTICMS) to analyze objects with silicones to measure the silicone release of household items
and baby articles17. These items contained PDMS, and the results of this paper aided immensely
in identifying the different types of PDMS peaks. They observed three different peaks associated
with each oligomer, which were separated by approximately 74 m/z.
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Figure 4: Partial positive ion spectrum of a Pavoni braided ring baking mold at 300°C with the
mass differences of the PDMS oligomers annotated17
The research team observed protonated [M+H]+, ammoniated [M+NH4]+, and methyl
subtracted [M-CH3]+ PDMS peaks17. All three PDMS ion types were observed in the analysis of
silicone based personal lubricants analyzed in this thesis paper.

2.4 Statistical Techniques
Statistical techniques were used to identify sub-groups within the silicone-based personal
lubricant classification. The following is an overview of those statistical techniques.
2.4.1 Principal Component Analysis
Principal component analysis (PCA) is a statistical technique that takes multivariate data
and reduces the number of variables when correlation is present25-26. It uses the covariance or
correlation matrix to search for patterns and reduce similar information to maximize differences
within the sample set in order to identify groups of similar samples. Each principal component
created is a linear combination of all of the original variables. Each PC encompasses a certain
13

percentage of a dataset’s variance, and with each subsequent PC, covers less variance. The useful
part of PCA is that the first PC accounts for the most variability within the dataset which
subsequently decreases thereafter. Therefore, only the first few PCs are typically needed to
describe most of the dataset and separate the sample based on correlating factors, assuming that
the dataset itself is correlated. It allows easier visualization of data without using all of the
information from all of the dimensions (N of spectra - 1). Each PC is orthogonal to the other
PCs, making them uncorrelated. PCA does not assume that a dataset has any particular pattern,
but it may reveal clusters that may not be noticeable in the raw data.
If the original variables are X1,…,Xk,…,Xm, then the linear combination of those variables
for each PC for each sample (Yi) is:
𝑌𝑖 = 𝑒𝑖1 𝑋1 + 𝑒𝑖2 𝑋2 + ⋯ + 𝑒𝑖𝑚 𝑋𝑚

(8)25

With each component, the coefficients are maximized so that the variance is maximize
and the sums of squared coefficients add up to one, ensuring that each component is uncorrelated
with every other component.
There are different types of results when PCA is used on a dataset25-26. A scree plot is
created which displays the amount of variation each PC encompasses. This helps to identify
which PCs to keep to describe the data. The linear combination of a sample’s variables for a PC
is a score (Y). These scores can be plotted either in two or three dimensions to more easily
visualize the differences between samples. Loadings are the weight that each original variable
has on a particular PCs score. This is helpful in figuring out how the original variables contribute
to the variability between groups and to each PC. All of these results contribute to recognizing
and understanding the different groups.
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2.4.2 Cluster Analysis
A statistical method for grouping similar objects into smaller groups is cluster analysis,
which determines how close objects are to each other in the variable space. The distance between
groups is commonly based on the calculated Euclidean distance between two points, i.e.
samples25,27. If there are two samples with spectra (x1, x2,…,xn) and (y1, y2,…,yn), the Euclidian
distance between them would be:
𝑑 = √(𝑥1 − 𝑦1 ) + (𝑥2 − 𝑦2 ) + ⋯ (𝑥𝑛 − 𝑦𝑛 )

(9)25

The two points closest together join to form a new cluster. Then the process repeats with
the next nearest sample. This method continues indefinitely until all of the points are connected
to each other by varying distances. The difference in distance between the clusters is shown in a
dendrogram. This method is commonly observed in a hierarchical drawing. Figure 5 shows an
example of a dendrogram. The object numbers or names are on the x-axis while the distance
between clusters is placed on the y-axis. The point at which one cluster splits into two equals the
distance between those two clusters. It is up to the observer’s interpretation of the dendrogram to
determine what groups are created.

Figure 5: Example of a hierarchical dendrogram created by cluster analysis
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2.4.3 Analysis of Variance Test
Analysis of variance is a statistical technique that can help determine the variability of a
dataset25,27. The variability of the peak intensity of a certain m/z ratio is determined within a
variable and then amongst different samples that may or may not have the same peak. Peaks may
or may not be present due to composition, concentrations of components, or ionization
competition between components. The F statistic equation contains both within- and betweensample variation. Within-sample variation can be calculated using Equation ∑(𝑥𝑖𝑗 − 𝑋̅𝑖 )2 /(𝑛 −
𝑘)

(10 where xij is the jth measurement of the ith sample out of k samples and n is number of

measurements per sample. 𝑋̅𝑖 is the mean of the ith sample25.
∑(𝑥𝑖𝑗 − 𝑋̅𝑖 )2 /(𝑛 − 𝑘)

(10)25

The between-sample variance can be calculated using Equation ∑ 𝑛𝑖 (𝑋̅𝑖 − 𝑋̅)2 /(𝑘 − 1)
(1125. 𝑋̅𝑖 is the sample mean, 𝑋̅ is the overall mean of the data, and k is the number of
samples. ni is the number of measurements in each ith sample.
∑ 𝑛𝑖 (𝑋̅𝑖 − 𝑋̅)2 /(𝑘 − 1)

(11)25

The F-test divides the between-sample variation (Equation ∑ 𝑛𝑖 (𝑋̅𝑖 − 𝑋̅)2 /(𝑘 − 1)
(11) by the within-sample variation (Equation ∑(𝑥𝑖𝑗 − 𝑋̅𝑖 )2 /(𝑛 − 𝑘)

(10). If the

resulting F statistic is larger than F critical, then the null hypothesis, which is that all means are
equal, is rejected, and the sample means differ significantly. This concept was applied to each
peak (i.e. variable) from the collected DART-TOFMS spectra. The aim was to identify and
remove any peaks did not contribute to the variability of the dataset, allowing further
differentiation between samples.
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2.4.4 Linear Discriminant Analysis
Cluster analysis and PCA are used to see whether samples can be grouped into subgroups with no preconceived notions on what those groupings would be or which samples
comprise a group. Linear discriminant analysis (LDA), on the other hand, starts with objects
whose groups are already known25,28. These objects, or training objects, are used to find a pattern
for assigning new objects of unknown groups to the most appropriate group. Too many variables
within a training set can make it hard for groups to be assigned correctly. Therefore, PCs created
from the training set are used as the LDA variables instead of the entire test set.
The first step of LDA is to find a linear discriminant function (LDF) shown in Equation
(12)25, where Y is the linear combination

𝑌 = 𝑎1 𝑋1 + 𝑎1 𝑋1 + ⋯ 𝑎𝑛 𝑋𝑛
of the variables in the training set X1, X2, etc25.

𝑌 = 𝑎1 𝑋1 + 𝑎1 𝑋1 + ⋯ 𝑎𝑛 𝑋𝑛

(12)25

The dimensions, therefore, are reduced to just one. The coefficients are assigned so that
Y reflects variability of the groups. Within each group, the Y values will be similar; whereas, the
Y values between groups would have different Y values.
One way to test the training set is leave one out cross-validation (LOOCV)25,28. The LDF
is generated with one training object omitted. Then that object is used to test whether that LDF
assigns the correct group to the omitted object. This is done over and over until all objects have
been removed and tested against the remaining training set. The results of the LOOCV procedure
is often displayed in a summarizing table called a confusion matrix. It displays the group the
LDF assigns to the objects along the top and the actual group that it belongs to is placed along
the side. The numbers of samples along the diagonal were correctly assigned to its rightful
group. Any numbers on the off-diagonal show inaccurate assignment of samples, indicating the
grouping identification is not perfect.
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Another way to assess a training set is to create a separate test set. The LDF is then
applied to each object and assigned a group. The test set can be made of known samples or
unknown samples. The results would also be displayed within a confusion matrix. LDA is a
useful tool in creating a classification scheme that could lead to a lubricant database.
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CHAPTER THREE:
MATERIALS AND METHODS
3.1 Materials
Forty-five (45) silicone-based personal lubricant samples, 11 condom lubricant samples,
and capric/capryllic triglyceride standard were purchased through online vendors Ebay and
Amazon for this study. Research grade helium and nitrogen gas cylinders were purchased
through Air Liquide (Houston, TX, USA) and Prax Air (Danbury, CT, USA) for use as the
carrier and ionization gas and standby gas respectively on the DART-TOFMS. PDMS, OHPDMS, and pulegone standards as well as capillary tubes were purchased from Fisher Scientific
(Pittsburgh, PA, USA). Fomblin®-Y and polyethylene glycol with an average molecular weight
of 600 (PEG600) standards were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Table 2 contains the 30 personal and 8 condom lubricants consisting of the training
datasets analyzed by PCA and LDA.
Table 2: List of name, number, manufacturer, lubricant type, and lubricant composition of
silicone-based lubricant samples used to create the training set
Sample Name
Astroglide Diamond
Silicone Gel (1)
Astroglide X Silicone
Liquid (1)
Cleanstream 100%
Silicone Anal Lubricant
(1)
Drip Silicone Lubricant
Spicy Gingerbread (1)
Durex Real Feel (3)
FuckWater Silicone (1)
Gun Oil Silicone (1)
ID Millennium (1)
Jo Premium (1)

Manufacturer

Lubricant Type

Lubricant
Composition

Astroglide

Personal

Silicone-Based

Astroglide

Personal

Silicone-Based

Cleanstream

Personal

Silicone-Based

Doc Johnson

Personal

Durex
FuckWater
Gun Oil
ID
Jo

Personal
Personal
Personal
Personal
Personal
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Silicone-Based
Scented
Silicone-Based
Silicone-Based
Silicone-Based
Silicone-Based
Silicone-Based

Sample Name

Manufacturer

Lubricant Type

Jo

Personal

Passion
Pink
Pjur
Pjur

Personal
Personal
Personal
Personal

Lubricant
Composition
Silicone-Based
Sensation (Warming)
Silicone-Based
Silicone-Based
Silicone-Based
Silicone-Based

Jo Premium Warming
(1)
Passion Silicone (1)
Pink Silicone (1)
Pjur Back Door (2)
Pjur Original (2)
Ride Bodyworx Silicone
(1)
Shibari Silicone (1)
Sliquid Silver (1)
Spunk Pure (1)
Swiss Navy Silicone (1)
Trojan A&I (1)
Uberlube (1)

Ride

Personal

Silicone-Based

Shibari
Sliquid
Spunk
Swiss Navy
Trojan
Uberlube

Personal
Personal
Personal
Personal
Personal
Personal

Vivid Raspberry (1)

Vivid Girl

Personal

Wet Ecstasy (1)

Wet

Personal

Wet Naturals (1)
Wet Platinum (1)
Wet Uranus (1)
Kimono MicroThin
Aqua Lube (1)
LifeStyles 3Sum (1)

Wet
Wet
Wet

Personal
Personal
Personal

Silicone-Based
Silicone-Based
Silicone-Based
Silicone-Based
Silicone-Based
Silicone-Based
Silicone-Based
Scented
Silicone-Based
Sensation (Cooling)
Silicone-Based
Silicone-Based
Silicone-Based

Kimono

Condom

Water/Silicone-Based

LifeStyles

Condom

One Bubblegum (1)

One

Condom

One Chocolate
Strawberry (1)

One

Condom

One Fresh Mint (1)

One

Condom

One Island Punch (1)

One

Condom

One Mint Chocolate (1)

One

Condom

Trojan ENZ Lubricated
Armor (1)

Trojan

Condom

Silicone-Based
Silicone-Based
Flavored
Silicone-Based
Flavored
Silicone-Based
Flavored
Silicone-Based
Flavored
Silicone-Based
Flavored
Silicone-Based
Spermicidal

A set of eighteen (18) silicone-based personal and condom lubricant samples were used
to test the LDA training set’s accuracy (Table 3). There is a subset of test samples that have the
same manufacturer and composition as the training set samples, however they are from different
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lots. These samples are denoted by “*”. A set of three (3) silicone-based lubricated condoms
were included in the test set to illustrate the ability of the training set to differentiate between
personal and condom lubricants (Table 3). Additionally, a set of three blind samples were
prepared by a lab colleague to test the LDA training set’s accuracy without any preconceived
notions on the composition of the samples.
Table 3: List of name, manufacturer, and classification of test set of personal lubricants
Sample Name
Amity Jack Premium
Bang Oil
Drip Silicone Lubricant
Spicy Gingerbread*
Gun Oil Silicone*
Jo Premium*
Juntos Silicone
Lubricant
Luxxx Beauty Silicone
Lubricant
One Move Lubricant
Sliquid Silver*
Spunk Hybrid
Swiss Navy Silicone*
Trojan A&I*
Turn On Silicone

Manufacturer

Lubricant Type

Lubricant Composition

Amity Jack

Personal

Silicone-Based

Doc Johnson

Personal

Gun Oil
Jo

Personal
Personal

Silicone-Based
Scented
Silicone-Based
Silicone-Based

Juntos

Personal

Silicone-Based

Luxxx Beauty

Personal

Silicone-Based

One
Sliquid
Spunk
Swiss Navy
Trojan
Turn On

Personal
Personal
Personal
Personal
Personal
Personal

Wet Ecstasy*

Wet

Personal

Wet Platinum*

Wet

Personal

Wet Synergy

Wet

Personal

Silicone-Based
Silicone-Based
Hybrid
Silicone-Based
Silicone-Based
Silicone-Based
Silicone-Based
Sensation (Cooling)
Silicone-Based
Hybrid
Sensation (Cooling)

Crown Lightly
Lubricanted

Crown

Condom

One Fresh Mint

One

Condom

Trojan

Condom

Trojan Ultra Thin
Armor
Blind Sample #1
Blind Sample #2
Blind Sample #3
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Silicone-Based
Silicone-Based
Flavored
Silicone-Based
Spermicidal

3.2 Methods
3.2.1 Sample Acquisition Parameters for ATR-FTIR
IR spectra were acquired on a Perkin Elmer Spectrum ONE Universal FT-IR (Waltham,
MA) with an ATR attachment. Scanning started at 4000 cm-1 and ended at 650 cm-1. The
resolution and data interval of the spectra collected were 2 cm-1 and 1 cm-1, respectively. Eight
scans per spectra were collected at a scan speed of 0.2 cm/s on a diamond/zinc selenide crystal
window. The neat lubricant samples were deposited directly on the ATR window without any
applied pressure or sample preparation. A background measurement of the air was taken between
samples, and the window was cleaned with isopropanol between runs. Three different drops of
each sample were run to ensure any variability within a sample is accounted for.
3.2.2 Sample Acquisition Parameters for DART-TOFMS
Mass spectra were acquired using a JEOL AccuTOFTM mass spectrometer (Toyko, Japan,
JMS-4000LC) coupled with an IonSense DART® ionization source (Peabody, MA). Helium gas
was used as the ionizing gas in the DART at a flow rate of approximately 3.6 L/min. The gas
temperature was maintained at 350°C. The needle electrode potential and exit grid voltage were
held at 2 kilovolts and 250 volts (V), respectively, for positive ionization mode. Orifice 1, orifice
2 and ring lens voltages were set at 20, 5 and 5 V, respectively, as per the factory
recommendations to minimize fragmentation and increase molecular ions. The ion guide RF
voltage was set to 600 to detect only ions greater than 60 mass-to-charge units (m/z), therefore
eliminating background peaks created by low mass molecules such as atmospheric molecules.
JEOL Mass Center was used to collect mass spectra over the mass range of 60 to 1000 m/z. The
sampling and recording intervals were 0.25 ns and 1 s, respectively.

22

Samples were introduced into the ion stream without sample preparation in both positive
and negative ionization modes. PEG600 was measured before the start of each group of sample
runs as a reference standard for mass calibration in positive ionization mode. Fomblin®-Y was
the reference standard used for negative ionization mode. For each sample, the closed end of a
borosilicate capillary tube was dipped into the sample and then positioned between the DART
ion source and MS inlet (sample gap). The end of the capillary tube was inserted roughly 1 mm
from the ceramic cap of the ion source and gently waved for approximately 4-5 seconds before
removing it from the ion stream. This measurement was repeated five times per sample replicate.
Each sample replicate resulted in a spectrum comprised of the average of the five measurements.
Approximately 30 seconds of background was collected between replicates to ensure no cross
transfer between measurements until all five replicates of each sample was completed.
The first analytical method developed set the sample gap between the source and mass
spectrometer inlet to 3 cm. Three replicates per sample were conducted, and each replicate was
comprised of 5 measurements. However, the resulting spectra had significant variability within
each sample to be useful in creating a classification scheme. Therefore, this method was
modified to reduce the sample gap to 1 cm.
In the second method, and five replicates per sample were obtained, and each sample
replicate was comprised of 5 measurements. The variability drastically reduced along with signal
noise, allowing for cleaner, less variable spectra within a sample. The number of runs were
increased in order to increase repeatability. This method is also in line with fellow research
colleagues who are analyzing other types of lubricants for characterization and database
purposes. Therefore, adjusting these parameters ensures that all samples will be collected under
similar conditions.
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A temperature study was conducted to determine the optimal temperature at which to
analyze silicone-based lubricants. The PDMS standard and two personal lubricant samples from
Table 1, Sliquid and Wet Ecstasy, were analyzed using the second collection method at the
following temperatures: 250, 300, 350, 400, and 450°C. While the PDMS peaks were more
intense at the higher temperatures, variability also increased with temperature across all samples.
Additionally, the number of peaks decreased with increased temperature. Ultimately, 350°C was
chosen for the protocol because it had a balance between low peak variability and high peak
count. Additionally, that maintained the uniform method of the group so that it could be used on
all types of lubricants for the database.
3.2.3 DART-TOFMS Mass Spectral Data Processing
TSS Unity v. 1.0.6.35 (Shrader Software Solutions, Inc., Detroit, MI, USA) was used to
extract all mass spectra from Mass Center. TSS Unity was used to calibrate the mass spectra to
compensate for mass drift using reference standards (i.e. PEG and Fomblin-Y) with known
masses to adjust the mass to charge ratios of the samples detected by the instrument. Averaging
sample measurements per replicate, spectral background subtraction, and peak centroiding, in
which a peak is displayed as a discrete m/z with zero line width, occurred through TSS Unity.
Peaks were centroided in order to import the resulting spectra into MassMountaineer v. 2.6.4.0
and 2.9.0.0 (RBC Software, Peabody, MA, USA) for peak identification. The Mass Mountaineer
software was used to interpret the spectra by enabling molecular composition determination,
isotopic ratio matching, and spectral library matching to the National Institute of Standards and
Technology (NIST) database.
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3.2.4 Chemometric Analysis
Statistical analysis of the spectral datasets was completed with the software RStudio v.
0.99.879 (RStudio, Inc., Boston, MA, USA), conducting cluster analysis, PCA, and LDA.
Cluster dendrograms were created in RStudio to statistically determine sub-groups within each
dataset based on the distance between each of the groups.
PCA was performed using the covariance method to reduce dimensionality of the data.
Depending on the scree plot and the amount of variability within the dataset, 2-dimensional or 3dimensional (2D or 3D) scores plots were created in order to visualize the similarities and
differences within each dataset. 5 PC’s were used to create the scores plots unless fewer PC’s
had a cumulative variance above 90%. The loadings corresponding to the representative PC’s
were used to identify characteristic peaks that contribute to the variation between samples.
For the FTIR spectra, cluster analysis and PCA were performed on the dataset consisting
of the full ATR-corrected and normalized FTIR spectra. For the DART-TOFMS data, only peaks
that had a relative intensity above 5%, with respect to the base peak were included in each
dataset. The peaks are within a mass tolerance of 10 millimass units (mmus) of the average of
each peak. Restricting peaks based on intensity prevents any background noise that may be
present in the spectrum from adversely affecting the results.
Three training mass spectral datasets were created for the DART-TOFMS data. One
dataset (Dataset A) contained only the positive and negative mode mass spectral peaks of the
personal lubricants from Table 2. ANOVA analysis was applied to the spectral peaks to identify
and retain the most variable peaks by applying the F-test. Any peak that had an F value lower
than F critical was removed to ensure only peaks with high between-sample variability and low
within-sample variability were present. This leaves only the peaks that will produce the most
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variability between lubricant samples, potentially leading to the identification of more subgroups. If, after he ANOVA test was applied, there were any remaining isotope peaks that
convey the same information as their associated molecular peaks, they were removed to ensure
that the same data was not included more than once. Once the dataset was comprised of only the
variables that provided the most discriminating information, cluster analysis and PCA were
applied to Dataset A. LDA was then performed on Dataset A using the PCs obtained from PCA
and the sub-groups developed from cluster analysis to create the training set. This training set
was then tested three different ways:


LOOCV



Assigning groups to a test group of known personal samples (Table 3)



Assigning groups to a test group of three unknown “blind” samples (Table 3)

Dataset B consists of the mass spectral peaks of just the condom lubricants from Table 2.
Dataset C was a comprised of all of the personal and condom lubricants in Table 2. All
conditions and statistical tests applied to Dataset A was also applied to Datasets B and C. Table 4
contains a list of the statistical techniques applied to each dataset in each ionization mode.
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Table 4: List of statistical techniques applied to each dataset in each ionization mode
Lubricant Samples

DART Ionization
Mode
Positive

Dataset A

Training Personal
Lubricants

Negative

Positive + Negative

Positive
Dataset B

Training Condom
Lubricants

Negative
Positive + Negative

Positive

Dataset C

Training Personal and
Condom Lubricants

Statistical Techniques
Applied to Dataset
Cluster
PCA
LDA LOOCV
LDA Test Group (Table 3)
Cluster
PCA
Cluster
PCA
LDA LOOCV
LDA Test Group (Table 3)
Cluster
PCA
LDA LOOCV
Cluster
PCA
Cluster
PCA
LDA LOOCV
Cluster
PCA
LDA LOOCV
LDA Test Group (Table 3)

Negative

Cluster
PCA

Positive + Negative

Cluster
PCA
LDA LOOCV
LDA Test Group (Table 3)
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CHAPTER FOUR:
ATR-FTIR RESULTS
4.1 Instrumental Data
The spectra of the 30 neat silicon-based personal lubricant samples all contained peaks
indicative of PDMS. A spectrum of the OH-PDMS standard is shown in Figure 6 below. PDMS
peaks include singlets at 2960 cm-1, 1260 cm-1, and 790 cm-1 due to asymmetric CH3 stretching,
symmetric CH3 deformation, and Si-C stretching, respectively. A doublet appears at 1060 and
1020 cm-1 due to asymmetric Si-O-Si stretching. However, this doublet varies in appearance and
position throughout the samples. These two peaks may partially or completely merge into one
broad peak, or one peak in the doublet can be larger than the other. This may occur due to
interference from other components in the sample or from lack of resolution from the ATR
attachment. This is because the ATR attachment is commonly less sensitive than using the
traditional salt plates with FTIR. This doublet can occur anywhere between 1100 and 1000 cm-1.
In Figure 6 below, the doublet is partially merged with the 1060 cm-1 peak less intense than the
1000 cm-1 peak. Silicone-based lubricants are commonly a mixture of all three types of PDMS:
straight-chained, cyclic, and OH-PDMS. The broad O-H stretch peak at 3280 cm-1 observed in
the standard (Figure 6) is not present in any of the lubricant sample spectra. This may indicate
that straight-chain PDMS or cyclic PDMS is more abundant in these samples than OH-PDMS
and therefore minimizes the O-H stretch.
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Figure 6: ATR-FTIR spectrum of OH-PDMS standard
4.2 Chemometric Analysis
Cluster analysis was performed on the 30 silicone-based personal lubricant ATR-FTIR
spectral dataset (90 individual spectra) to identify potential sub-groups. The resulting
dendrogram (Figure 7) showed that the lubricant samples could be categorized into four groups.
PCA was then performed to help visualize and understand the differences in the groups.
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4.2.1 Cluster Analysis

Figure 7: Cluster dendrogram of ATR-FTIR spectral dataset
The groups in the dendrogram are separated by discrete distances calculated through
cluster analysis. Groups 4 and 5 are separated by a distance of approximately 4 units, which
means that any sample within Group 4 and any sample within Group 5 are separated by that
distance at a minimum. Groups 2 and 3 are separated by about 7 units. Groups 6 and 7 are
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separated by a distance of approximately 10 units. Groups 4 and 5 and Groups 6 and 7 are
separated by about 20 units. Groups 2 and 3 and Groups 4-7 are separated by approximately 44
units. The distance between Group 1 and all other groups is roughly 55 units. The numbers in the
parentheses in the table below indicate the number of identical bottles from the same lot that
were analyzed.
Table 5: Summary of groups created by cluster analysis of ATR-FTIR dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7

Cluster Analysis - Lubricant Samples
Astroglide Silicone (1), Durex (3), F*ck Water (1), Spunk Silicone (1)
Astroglide Diamond (1), Pjur Back Door (2)
Clean Stream (1), Shibari (1), Trojan A&I (1), Vivid Raspberry (1)
Pjur Original (2)
Gun Oil (1), ID Millennium (1), Passion Silicone (1), Pink (1), Ride Bodyworx (1),
Sliquid Silver (1), Swiss Navy Silicone (1), Uberlube (1)
Wet Ecstasy (1), Wet Naturals (1), Wet Platinum (1), Wet Uranus (1)
Doc Johnson Drip (1), Jo Premium (1), Jo Warming (1)

4.2.2 PCA Analysis
PCA revealed that the first two PC’s accounted for 95.3% of the dataset’s variability. The
scree plot below in Figure 8 levels off after PC2, so roughly 2 or 3 PC’s would be sufficient to
recreate most of the data. Therefore, only the first two PC’s were used to create the scores plot
(Figure 9).
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Figure 8: Scree plot detailing variance of each PC in ATR-FTIR data
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Figure 9: PCA scores plot of ATR-FTIR spectral dataset
Table 6: Summary of groups created by PCA of ATR-FTIR dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8

PCA - Lubricant Samples
Astroglide Silicone (1), Durex (3), F*ck Water (1), Spunk Silicone (1)
Astroglide Diamond (1), Pjur Back Door (2)
Clean Stream (1), Shibari (1), Trojan A&I (1), Vivid Raspberry (1)
Pjur Original (2)
Gun Oil (1), ID Millennium (1), Passion Silicone (1), Pink (1), Ride Bodyworx (1),
Sliquid Silver (1), Swiss Navy Silicone (1), Uberlube (1)
Wet Ecstasy (1), Wet Naturals (1), Wet Platinum (1), Wet Uranus (1)
Doc Johnson Drip (1)
Jo Premium (1), Jo Warming (1)

Most of the groups identified through cluster analysis agreed with those identified
through PCA. However, when the scores were plotted, the scores from cluster analysis Group 7
were different enough to separate into two groups.
Looking at representative spectra from each group (Figure 10), it is clear to see that one
of the biggest differences between the groups is the shape of the 1060 and 1020 cm-1 doublet.
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Group 1’s doublet had merged into one broad peak. Groups 2 and 3 had distinct doublets with
the 1060 cm-1 peak which is less intense than the 1020 cm-1 peak. Groups 4-8 all had a doublet
where the 1020 cm-1 peak is a shoulder peak, at different intensities, off of the more intense 1060
cm-1 peak.
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Figure 10: Representative ATR-FTIR absorbance spectra from A) Group 1, B) Group 2, C)
Group 3, D) Group 4, E) Group 5, F) Group 6, G) Group 7, and H) Group 8
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The factor loadings for PC1 and PC2, shown below in Figure 11, further explains the
separation of the groups.

Figure 11: Factor loadings of ATR-FTIR spectra for A) PC1and B) PC2
The factor loadings for PC1 showed that the Si-O-Si doublet (1060, 1020 cm-1) had a
strong effect on the scores. There was a strong positive correlation for 1072 cm-1 and a strong
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negative correlation for 1023 cm-1. This means that the higher the absorbance is at 1072 cm-1 in a
sample, the larger the score will be for the sample in PC1. The strong negative correlation at
1022 cm-1 means that the higher the absorbance is at that peak in a spectrum, the lower, or more
negative, the score for that sample will be in PC1. Group 1’s doublet was merged at around 1070
cm-1. The 1070 cm-1 peak had a high intensity while the 1020 cm-1 peak had a relatively low
intensity. Therefore, Group 1 samples had the highest PC1 scores, separating them from the rest
of the groups. Groups 2 and 3 had doublets with the more intense peak around 1020 cm-1 and
less intense peak around 1080 cm-1, giving the samples a more negative PC1 score than the rest
of the groups. Groups 4-8 had doublets with the more intense peak around 1080 cm-1 and less
intense peak around 1020 cm-1, giving those groups PC1 scores between those of Group 1 and
Groups 2 and 3. Group 4 samples had less intense 1072 cm-1 peaks than Groups 5-8, causing
greater PC1 scores. Group 6 samples had more intense 1072 and 795 cm-1 peaks than Groups 4,
5, 7, and 8, causing lower PC1 scores. Therefore, Groups 4 and 6 were separated from Groups 5,
7 and 8. Group 7 and 8 samples had higher intensity 1023 cm-1 peaks than Group 5. This caused
Groups 7 and 8 to separate from Group 5 due to its lower PC1 scores.
The PC2 scores further separated the groups. Various peaks around 800 cm-1 caused
differences between the groups. In the factor loadings of PC2, there was a strong positive
correlation at 788 cm-1 and strong negative correlation at 843 cm-1. In Group 2, the peak around
840 cm-1 was more intense than in Group 3. This gave Group 2 samples lower scores for PC2
than Group 3, separating the groups. Group 7 samples had higher intensity 843 cm-1 peaks than
Group 8, causing lower PC2 scores and separation between the two groups.
A few of the groupings separated based on the manufacturer (i.e., the Wet and Doc
Johnson samples), but separation based on manufacturer was not consistent. One of the scented
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samples (Doc Johnson) was isolated, but the other scented sample (Vivid Raspberry) was mixed
in with unscented samples. This inconsistency creates confusion in why samples are grouped
together.

4.3 Conclusion
Although ATR-FTIR analysis has the capability to identify different groups within
silicone-based samples, it is not completely clear what components within the samples cause the
observed differences within the spectra. ATR-FTIR spectra are commonly used as a screening
tool for functional groups. Typically, ATR-FTIR is not as sensitive to mixtures that have less
than 5% w/w ratio. Mass spectrometry, however, is suited to analyze mixtures with components
of low concentrations. Using a mass spectrometric technique to analyze the lubricant samples
could provide more sub-classes. These groupings would also be more easily and clearly
explained by the molecular peaks of the spectra.
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CHAPTER FIVE:
DART-TOFMS RESULTS
5.1 Instrumental Data
Silicone-based silicone lubricants tend to have simple compositions comprised of a few
components. The associated spectra have a tendency to be uncomplicated and straight forward.
Most of the peaks in the spectra can be attributed to a type of PDMS. There are three types of
peaks observed in the positive ionization mode which are associated with different ionization
stages of the PDMS oligomers: protonated [M+H]+, ammoniated [M+NH4]+, and methyl
subtracted [M-CH3]+. The PDMS peaks observed in positive ionization mode appeared to only
include cyclic and methyl-terminated straight-chain PDMS.

Figure 12: Positive ionization spectrum of Doc Johnson
All three ionization types of these peaks may be observed during analysis; however, they
might not show up in the same spectra nor will they be seen for each oligomer. As an example,
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one PDMS oligomer may have both a protonated and ammoniated peak while another oligomer
may only have a protonated and methyl subtracted peak. Typically, the protonated peak will be
present for each oligomer at least. Figure 12 shows the positive ionization spectrum of the
lubricant, Doc Johnson, which is an example of some silicone-based lubricant samples. Each
ionization type of the PDMS peak is represented in this spectrum. The methyl subtracted peaks,
as shown in Figure 12, were only observed for cyclic PDMS peaks. The ammoniated PDMS
peaks were only observed for the methyl-terminated straight-chain PDMS peaks. These
observations were consistent with all of the other lubricant samples. For most of the personal
lubricant samples, the protonated cyclopentasiloxane (371.1018 amu) was the most abundant
peak of the spectra. Other components of the lubricants, including scents, moisturizers, and
plasticizers, were represented on the spectra by their protonated species. For many of the condom
samples, the cyclopentasiloxane protonated peak is also the most intense; however, some of the
condoms had added components that had peaks of higher intensity. Trojan ENZ Armor (Figure
13), for example, contains the spermicide nonoxynol-9, a polymer that aids in preventing
pregnancy by killing sperm. The protonated and ammoniated nonoxynol-9 peaks are more
intense than the protonated PDMS peaks in the positive ionization spectrum.
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Figure 13: Positive ionization spectrum of Trojan ENZ Armor
Organic compounds are primarily analyzed in positive ionization mode because the
molecules more easily form cations than anions. Therefore, the negative ionization spectra
contained fewer peaks, at a lower intensity, than the corresponding positive ionization spectra.
OH-PDMS peaks were detected in the negative ionization spectra while cyclic and methyl
terminated straight-chain PDMS peaks were not observed. They presented as deprotonated peaks
[M-H]-. This can be seen in the negative ionization spectrum of the Doc Johnson lubricant
(Figure 14).
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Figure 14: Negative ionization spectrum of Doc Johnson

5.2 Chemometric Data Analysis
In order to achieve optimal group separation, only variables that had an F-value higher
than the F critical were included in the datasets. Isotopic peaks were also removed to avoid
including repetitive information. Positive, negative, and combined ionization datasets were
generated to organize the data in preparation for chemometric analysis. The personal and
condom lubricant samples were separated into groups through chemometric techniques in order
to develop a characterization scheme. Training sets were developed to test against known and
unknown samples.
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5.2.1 Personal Lubricants
Dataset A encompasses the positive and negative ionization spectra of the training
personal lubricants. This dataset only contains the optimized peaks in order to reduce extraneous
information and increase differentiation. A dataset comprised of the complete positive ionization
spectra of the training personal lubricants was created as a comparison to the condensed, optimal
spectra . This comparison was conducted in order to determine if either the complete spectra
provided better or worse groupings than the condensed, optimal spectra.

43

5.2.1.1 Positive Mode
5.2.1.1.1 Positive Ionization – Complete Spectra

1

23

4

5

Figure 15: Cluster dendrogram of entire training set personal lubricant positive mode spectral
dataset
The dendrogram (Figure 15) revealed that the dataset separated into 5 main sub-groups.
Groups 4 and 5 are separated by a distance of approximately 600 units. Group 3 and Groups 4
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and 5 are separated by about 900 units. Group 2 and Groups 3, 4, and 5 are separated by about
950 units. The distance between Group 1 and all other groups was roughly 2500 units.
Table 7: Summary of groups created by cluster analysis dendrogram of complete training
personal lubricant positive mode spectral dataset
Group
Group 1
Group 2
Group 3

Group 4
Group 5

Cluster Analysis – Complete Positive Mode Lubricant Samples
Astroglide Diamond (1), Wet Ecstasy (1)
Vivid Raspberry (1)
Astroglide Silicone (1), Clean Stream (1), Shibari (1), Spunk Silicone (1), Trojan
A&I (1), Uberlube (1)
Doc Johnson Drip (1), Gun Oil (1), ID Millennium (1), Jo Premium (1), Jo
Warming (1), Passion Silicone (1), Pink (1), Pjur Back Door (2), Pjur Original (2),
Ride Bodyworx (1), Sliquid Silver (1), Swiss Navy Silicone (1), Wet Naturals (1),
Wet Platinum (1), Wet Uranus (1)
Durex (3), F*ck Water (1)

Observation of the positive ionization spectra showed why some of the groups are
clustered together. The Group 1 samples contained high intensity capric/caprylic triglyceride
peaks. Unlike most of the groups, its base peak was not the protonated cyclopentasiloxane peak
(371.1018 m/z). Group 2’s base peak was also different. Group 2 samples were the only samples
that have the protonated pulegone peak as its base peak. Groups 3-5, which were similar in
appearance, had the protonated cyclopentasiloxane peak as their base peaks with varying
intensities of other PDMS peaks separating these groups.
The three 3D scores plots (Figure 16) projects the first 5 PCs, which encompasses 88.3%
of the dataset’s variance. The groups displayed in the scores plots were identified through
observation of clustering samples. The groups developed through cluster analysis acted as a
guideline for identifying the PCA groupings.
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Figure 16: PCA scores plots of DART-TOFMS personal lubricant complete positive mode
spectra projecting A) PC1, PC2, and PC3, B) PC1, PC2, and PC4, and C) PC1, PC2, and PC5
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Figure 17: Factor loadings of DART-TOFMS complete positive mode spectra for A) PC1, B)
PC2, C) PC3, D) PC4, and E) PC5
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Table 8: Summary of groups created by PCA of complete training personal lubricant positive
mode spectral dataset
Group
Group 1
Group 2
Group 3

Group 4
Group 5

PCA - Lubricant Samples
Astroglide Diamond (1), Wet Ecstasy (1)
Vivid Raspberry (1)
Astroglide Silicone (1), Clean Stream (1), Shibari (1), Spunk Silicone (1), Trojan
A&I (1), Uberlube (1)
Doc Johnson Drip (1), Gun Oil (1), ID Millennium (1), Jo Premium (1), Jo
Warming (1), Passion Silicone (1), Pink (1), Pjur Back Door (2), Pjur Original (2),
Ride Bodyworx (1), Sliquid Silver (1), Swiss Navy Silicone (1), Wet Naturals (1),
Wet Platinum (1), Wet Uranus (1)
Durex (3), F*ck Water (1)

The first five PCs encompassed 88.3% of the variance. This was the number of PCs
retained to generate the scores plot (refer to Figure 16); therefore, the factor loadings for these
five PCs were analyzed in more detail (Figure 17).
The factor loadings of PC1, refer to Figure 17A, showed that there was a strong positive
correlation for the capric/capylic triglyceride peaks at 327.2522 and 355.2839 amu. This was
reflected in the scores for PC1 of Group 1, whose most intense peak is at 355 amu. This caused
Group 1 to have the highest scores for PC1, separating it from the other groups. Most of the other
groups’ base peak was the PDMS peak at 371.1018 amu. There was a strong negative correlation
for that peak in PC1, causing all of the groups except Groups 1 and 2 to have the most negative
scores in PC1. Group 2, which only contains Vivid Raspberry, had its most intense peak at
153.1296 amu, which is pulegone. Group 2 did not contain capric/caprylic triglyceride and had a
less intense peak at 371 amu than the remaining groups. This separated Group 2 from the other
groups through PC1 alone. The other PCs were required to further separate Groups 3-5.
There was a strong positive correlation to the pulegone peak at 153 amu and a weak
negative correlation to the PDMS peak at 371 amu in PC2. This further separated Group 2, the
only group that contained pulegone at a high intensity, from all of the other groups.
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The factor loadings of PC3 showed that there was a strong negative correlation to the
PDMS peak at 445.1210 amu and a weak positive correlation to the tocopherol acetate peak at
473.3969 amu. Group 5 contained samples that have low intensity 445 amu peaks in comparison
to the samples in Groups 3 and 4. This caused Group 5 to have higher scores in PC3 than the
other groups, separating it from Groups 3 and 4. One of the samples in Group 5 also had the
tocopherol acetate peak, giving it an even higher score in PC3. Group 3 was separated from
Group 4 primarily because there was a more intense 445 amu peak in Group 3. This caused
Group 3 to have lower scores in PC3 than Group 4.
There was a strong negative correlation to the tocopherol acetate peak and a weak
positive correlation to the 297.0838 amu PDMS peak in PC4. One sample from Group 5 and one
sample from Group 3 had tocopherol acetate peaks, causing them to have negative scores in PC4.
Group 4 had a higher intensity 297 amu peak than Group 3, thus separating the groups.
There was a strong positive correlation to the 297 amu PDMS peak and a weak negative
correlation to the PDMS peak at 355.0706 amu in PC5. Although PC5 is not particularly useful
in separating the different groups because the amount of variance is low, it does show that the
samples will separate based on the intensity of the 297 amu peak.
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Table 9: Summary of characteristic DART-TOFMS peaks of complete positive mode personal
lubricant spectra groups
Group
Group
1
Group
2
Group
3
Group
4
Group
5

Characteristic Peaks (m/z)
Capric/Capylic Triglyceride peaks: 327.2522
and 355.2839
371.1018
153.1296 (pulegone)
371.1018
297.0838
371.1018
445.1210
297.0838
371.1018
445.1210
297.0838
371.1018
445.1210
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Relative Intensity (%)
Present
<100
Present
<100
Present
100
>40
Present
100
10<x<40
Absent
100
<10

5.2.1.1.2 Positive Ionizaion - Condensed Spectra

Figure 18: Cluster dendrogram of condensed training set personal lubricant positive mode
spectral dataset
When looking at the condensed DARTT-TOFMS dataset, the dendrogram (Figure 18)
revealed that the dataset separated into 8 main sub-groups. It is possible that more groups were
identified in this dataset primarily because the most similar peaks were removed prior to
analysis; thus maximizing the differences. Groups 2 and 3 were separated by a distance of
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approximately 200 units. Group 7 and Groups 8 were separated by about 250 units. Groups 4 and
5 were separated by about 300 units. Groups 2 and 3 and Groups 4 and 5 were separated by
approximately 350 units. Group 1 and Groups 2-5 were separated by about 750 units. Group 6
and Groups 7 and 8 are separated by about 900 units. The distance between Groups 1-5 and
Groups 6-8 was 1100 units.
Table 10: Summary of groups created by cluster analysis dendrogram in of condensed training
set personal lubricant positive mode spectral dataset
Group
Group 1
Group 2
Group 3

Cluster Analysis – Condensed Positive Mode Lubricant Samples
Astroglide Diamond (1), Durex (3), F*ck Water (1), Jo Warming (1), Jo Premium
(1), Wet Ecstasy (1)
Passion Silicone (1), Pjur Original (2), Ride Bodyworx (1), Sliquid Silver (1),
Swiss Navy Silicone, (1)
ID Millennium (1), Pjur Back Door (2), Wet Naturals (1), Wet Platinum (1), Wet
Uranus (1)

Group 4

Doc Johnson Drip (1)

Group 5
Group 6
Group 7
Group 8

Gun Oil (1), Pink (1)
Vivid Raspberry (1)
Clean Stream (1), Shibari Silicone (1), Trojan A&I (1)
Astroglide Silicone (1), Spunk Silicone (1), Uberlube (1)

Observation of the positive ionization spectra showed why some of the groups are
clustered together. Group 4 was the only group to contain the di-n-octyl phthalate peak. Group 5
had protonated pulegone as its base peak. The remaining groups had varying intensities of
PDMS peaks that may have contributed to the clusters. Additional analysis would need to be
performed to determine the source of the separation.
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Figure 19: PCA scores plots of DART-TOFMS personal lubricant condensed positive mode
spectra projecting A) PC1, PC2, and PC3, B) PC1, PC2, and PC4, and C) PC1, PC2, and PC5
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Figure 20: Factor loadings of DART-TOFMS positive mode spectra for A) PC1, B) PC2, C)
PC3, D) PC4, and E) PC5
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Table 11: Summary of groups created through PCA of condensed training set personal lubricant
positive mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7

PCA – Condensed Positive Mode Lubricant Samples
Astroglide Diamond (1), Durex (3), F*ck Water (1), Jo Warming (1), Jo Premium
(1), Wet Ecstasy (1)
Passion Silicone (1), Pjur Original (2), Ride Bodyworx (1), Sliquid Silver (1),
Swiss Navy Silicone, ID Millennium (1), Pjur Back Door (2), Wet Naturals (1),
Wet Platinum (1), Wet Uranus (1) (1)
Doc Johnson Drip (1)
Gun Oil (1), Pink (1)
Vivid Raspberry (1)
Clean Stream (1), Shibari Silicone (1), Trojan A&I (1)
Astroglide Silicone (1), Spunk Silicone (1), Uberlube (1)

The three 3D scores plots (Figure 19) projected the first 5 PCs, which emcompassed
89.5% of the dataset’s variance. When PCA was performed on the dataset, the PCA groups
mostly agreed with the cluster analysis groupings. However, Groups 2 and 3 from the cluster
analysis were very similar, causing them to merge into one group when PCA was performed.
The factor loadings of PC1 showed that there was a strong positive correlation to the 153
amu pulegone peak and a strong negative correlation to the 445 amu PDMS peak. This separated
Group 5 from the other groups since it is the only group that contains the pulegone peak as its
base peak, causing Group 5 to have the highest scores for PC1. The other groups were not
de\ifferentiated based solely on thePC1 scores.
There was a strong positive correlation and a weak positive correlation to the 153 amu
pulegone peak and 445 amu PDMS peak, respectively, in PC2. The combination of the scores
from PC1 and PC2 further separated Group 5 from the rest of the samples, but did little to
differentiate the remaining groups.
The factor loadings of PC3 showed that there was a strong positive correlation to the 355
amu PDMS peak and weak negative correlations to PDMS peaks 239.1018 and 519.1397 amu.
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Group 3 lacked the 355 amu peak and contained both the 239 and 519 amu peaks, causing Group
3 to have the lowest scores for PC3. Thus, Group 3 was separated from the other groups.
There was a strong positive correlation to the 391.2827 amu di-n-octyl phthalate peak and
a weak negative correlation to the 355 amu PDMS peak in PC4. Only samples in Group 4
contained the 391 amu peak, causing them to have the highest scores for PC4. Thus, Group 4
was separated from the other groups. A combination of PC1 and PC4 scores separated Group 7
from the other groups as well.
There was a strong positive correlation to the 447.3461 amu didecyl phthalate peak and a
strong negative correlation to the PDMS 519 amu peak in PC5. Group 3 samples and some
Group 7 samples contained the 447 amu peak. Thus, Group 3 and a portion of Group 7 were
separated from the rest of the groups. Differences in PC1 scores combined with the PC5 scores
separated the Group 3 samples from the Group 7 samples. While the other groups were
somewhat separated by the different relative PDMS peaks, they were not as clearly defined as
Groups 3, 4, 5, and 7.
Table 12: Summary of DART-TOFMS characteristic peaks of condensed positive mode personal
lubricant spectral groups
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7

Characteristic Peaks (m/z)
445.1210
445.1210
239.1018
445.1210
391.2827
Pulegone: 153.1296
223.0649
445.1210
355.0706
223.0649

Relative Intensity (%)
<15
15<x<40
>15
>15
>20
100
10<x<20
>40
<10
>40

56

The first six PCs encompassed 92.4% of the dataset’s variance. Therefore, the scores of
the first six PCs and the groups created through cluster analysis and PCA were utilized to create
the LDA classification training set. The LOOCV method was used to test the accuracy of the
training set. 98.7% of the samples were correctly classified through the LOOCV method. The
confusion matrix below (Table 13) summarizes the results. Two samples were misclassified due
to the variability of the 445 amu PDMS peak’s intensity. Many of the groups are based on
differences in the intensity of that peak, so when any of the five replicates of a single sample
varied from the rest, that replicate(s) were misclassified. One replicate of the ID Millennium
sample, which was part of Group 2, was misclassified as Group 6 because the intensity of the
445 amu PDMS peak was too high for Group 2. A replicate of Pjur Back door (Group 2) was
misclassified as Group 6 because its 445 amu peak was too high.
Table 13:Confusion matrix of condensed positive mode personal lubricant LOOCV results of the
training set
Assigned Group
1
Actual
Group 1
40
Group 2
0
Group 3
0
Group 4
0
Group 5
0
Group 6
0
Group 7
0
Total
40

Group
2
0
58
0
0
0
0
0
58

Group
3
0
0
5
0
0
0
0
5

Group
4
0
0
0
10
0
0
0
10

Group
5
0
0
0
0
5
0
0
5

Group
6
0
2
0
0
0
15
0
17

Group
7
0
0
0
0
0
0
15
15

Total
40
60
5
10
5
15
15
150

%
Correct
100
96.7
100
100
100
100
100
98.7

The 15 test personal lubricant samples listed in Table 3 were used to test the LDA
classification training set. Predictions of test samples’ group assignments based on the human
observation of positive ion characteristic peaks were made by the author before the samples were
assigned to groups using the LDA training set. A summary of these group assignments are
displayed in Table 14. The confusion matrix below (Table 16) further summarizes the results.
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The number in the parenthesis refers to the number of replicates of each test sample that were
assigned to the LDA group. Test samples that were the same as samples from the training set but
from different lots were distinguished by “*”.
Table 14: Summary of observation-based and LDA assigned groups of test personal lubricants
based on the positive condensed training set of DART-TOFMS data
Sample Name
Amity Jack Premium Bang Oil
Drip Silicone Lubricant Spicy
Gingerbread*
Gun Oil Silicone*
Jo Premium*
Juntos Silicone Lubricant
Luxxx Beauty Silicone
Lubricant
One Move Lubricant
Sliquid Silver*
Spunk Hybrid
Swiss Navy Silicone*
Trojan A&I*
Turn On Silicone
Wet Ecstasy*
Wet Platinum*
Wet Synergy

Observation-Based Group
Group 2

LDA Assigned Group
Group 2 (5)

Group 6

Group 4 (5)

Group 2
Group 2
Group 2

Group 2 (5)
Group 2 (5)
Group 2 (5)

Group 2

Group 2 (5)

Group 6
Group 1
Group 2
Group 2
Group 2
Group 2
Group 2
Group 4
Group 4

Group 4 (5)
Group 2 (5)
Group 2 (5)
Group 2 (5)
Group 2 (5)
Group 2 (5)
Group 2 (5)
Group 3 (5)
Group 3 (5)

Table 15: Confusion matrix of condensed positive mode test personal lubricant LDA results of
the test personal lubricants
Assigned Group
1
Observed
Group 1
0
Group 2
0
Group 3
0
Group 4
0
Group 5
0
Group 6
0
Group 7
0
Total
0

Group
2
5
45
0
0
0
0
0
50

Group
3
0
0
0
10
0
0
0
10

Group
4
0
0
0
0
0
10
0
10
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Group
5
0
0
0
0
0
0
0
0

Group
6
0
0
0
0
0
0
0
0

Group
7
0
0
0
0
0
0
0
0

Total
5
45
0
10
0
10
0
70

%
Correct
0
100
0
0
64.3

Not all of the LDA assigned groups agreed with the designations made according to the
characteristic peaks. Drip Silicone Spicy Gingerbread, One Move Lubricant, Wet Platinum, and
Wet Synergy’s LDA class assignments did not agree with the groups assigned by human
observation of based on the characteristic peaks. Minor peaks may have affected the PC scores
enough to change its LDA group assignments.
Comparing the results and ultimately the groups generated from the complete spectra and
the condensed spectra, it was determined that more groups were identified with the condensed
data. Therefore, it was decided that for the remainder of the research, only the condensed dataset
would be generated.
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5.2.1.2 Negative Mode

Figure 21: Cluster dendrogram of training set personal lubricant negative mode spectral dataset
The dendrogram (Figure 21) revealed that the dataset separated into 6 main sub-groups.
Groups 2 and 3 were separated by a distance of approximately 550 units. Groups 5 and 6 were
separated by a distance of approximately 800 units. Group 1 and Groups 2 and 3 were separated
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by about 1050 units. Group 4 and Groups 5 and 6 were separated by about 1700 units. The
distance between Groups 1-3 and Groups 4-6 was roughly 3000 units.
Table 16: Summary of groups created by cluster analysis dendrogram of training personal
lubricant negative mode spectral dataset
Group
Group 1

Group 2
Group 3
Group 4
Group 5
Group 6

Cluster Analysis – Condensed Negative Mode Lubricant Samples
Astroglide Diamond (1), F*ck Water (1), Gun Oil (1), ID Millennium (1), Jo
Premium (1), Jo Warming (1), Passion Silicone (1), Pink (1), Pjur Back Door (2),
Pjur Original (2), Ride Bodyworx (1), Sliquid Silver (1), Swiss Navy Silicone (1),
Uberlube (1)
Astroglide Silicone (1), Durex (3), Spunk Silicone (1)
Clean Stream (1), Shibari (1), Trojan A&I (1)
Wet Ecstasy (1), Wet Naturals (1), Wet Platinum (1), Wet Uranus (1)
Doc Johnson Drip (1)
Vivid Raspberry (1)

Group 4 samples were the only samples to have 437.1096 amu and 695.1244 amu peaks.
The Group 5 samples had the 165.0376 amu PDMS peak as its base peak, unlike the other
groups. Group 6 was the only group to have the 219.1379 amu peak. The remaining groups
contained PDMS peaks of varying intensities that may have separated them. Further analysis was
required to identify the source of the separation.
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Figure 22: PCA scores plots of DART-TOFMS personal lubricant negative mode spectra
projecting A) PC1, PC2, and PC3 and B) PC1, PC2, and PC4
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Figure 23: Factor loadings of DART-TOFMS negative mode spectra for A) PC1, B) PC2, C)
PC3, and D) PC4

Table 17: Summary of groups created by PCA of training personal lubricant negative mode
spectral dataset
Group
Group 1

Group 2
Group 3
Group 4
Group 5
Group 6

PCA – Condensed Negative Mode Lubricant Samples
Astroglide Diamond (1), F*ck Water (1), Gun Oil (1), ID Millennium (1), Jo
Premium (1), Jo Warming (1), Passion Silicone (1), Pink (1), Pjur Back Door (2),
Pjur Original (2), Ride Bodyworx (1), Sliquid Silver (1), Swiss Navy Silicone (1),
Uberlube (1)
Astroglide Silicone (1), Durex (3), Spunk Silicone (1)
Clean Stream (1), Shibari (1), Trojan A&I (1)
Wet Ecstasy (1), Wet Naturals (1), Wet Platinum (1), Wet Uranus (1)
Doc Johnson Drip (1)
Vivid Raspberry (1)
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The two 3D scores plots (Figure 19) projected the first 4 PCs, which encompassed 92.9%
of the dataset’s variance. The groups identified through cluster analysis agreed with the groups
identified in PCA. The factor loadings of PC1 showed that there was a strong positive correlation
to the 313.0723 amu PDMS peak and strong negative correlations to the 437.1096 amu and
695.1244 amu peaks. Only Group 4, which contained all of the Wet samples, had the 437 and
695 amu peaks. This caused Group 4 to have the only negative scores for PC1, separating it from
the other groups.
There was a strong correlation to the 239.0541 and 313.0723 amu PDMS peaks and a
strong negative correlation to the 219.1379 amu peak and 165.0376 PDMS peak in PC2. Most of
the samples had the 239 amu PDMS peak as their base peak, which resulted in a positive PCA
score. Group 5’s base peak was the 165 amu PDMS peak. Group 6 was the only group to contain
239 amu peak. This results in Groups 5 and 6 having the only negative scores in the dataset,
separating them from the first four groups.
The factor loadings of PC3 showed that there was a strong positive correlation to the 219
amu peak and a strong negative correlation to the 165 amu PDMS peak. This separated Groups 5
and 6 by causing Group 5 to have large negative scores while Group 6 had large positive scores.
There was a strong positive correlation to the 313 amu PDMS peak and a strong negative
correlation to the 239 amu PDMS peak in PC4. Group 3 had a lower abundance 313 amu PDMS
peak than Groups 1 and 2, which caused it to have more negative scores for PC4. Its 313 amu
peaks had abundances below 55%, which separated it from Groups 1 and 2. Group 2, for the
most part, had 313 amu peaks at abundances between 55% and 80%. Group 1 had abundances
above 80% for the 313 amu peak. There was some overlap between Groups 1 and 2, but the 313
amu peak was the main separator for Groups 1, 2, and 3.
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Table 18: Summary of DART-TOFMS characteristic peaks of condensed negative mode personal
lubricant spectra groups
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6

Characteristic Peaks (m/z)
313.0723
313.0723
313.0723
437.1096
695.1244
165.0376
219.1379

Relative Intensity (%)
>90
60<x<90
30<x<60
20<x<100
20<x<100
100
100

Cluster analysis and PCA of the training personal lubricants in negative mode was
conducted to determine how the negative ionization spectra differ from each other. The negative
ionization spectra contained fewer peaks at lower intensities than the corresponding positive
mode spectra. More sub-groups were observed with the analysis of positive ionization spectra
were classified than the negative mode dataset. Differentiation of samples is more
comprehensive when positive mode spectra are included. Therefore, negative ionization spectra
alone were not used to develop a training dataset for LDA.
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5.2.1.3 Combined Mode

Figure 24: Cluster dendrogram of condensed training set personal lubricant combined mode
spectral dataset
The dendrogram (Figure 24) revealed that the dataset separated into 6 main sub-groups.
Groups 2 and 3 were separated by a distance of approximately 550 units. Groups 5 and 6 were
separated by a distance of approximately 1100 units. Group 4 and Groups 5 and 6 were separated
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by about 1400 units. Groups 2 and 3 and Groups 4-6 are separated by about 1900 units. The
distance between Groups 1 and Groups 2-6 was roughly 2750 units.
Table 19: Summary of groups created by cluster analysis dendrogram of training personal
lubricant combined mode spectral dataset
Group
Group 1
Group 2

Group 3
Group 4
Group 5
Group 6

Cluster Analysis – Combined Mode Lubricant Samples
Wet Ecstasy (1), Wet Naturals (1), Wet Platinum (1), Wet Uranus (1)
Gun Oil (1), ID Millennium (1), Passion Silicone (1), Pink (1), Pjur Back Door (2),
Pjur Original (2), Ride Bodyworx (1), Sliquid Silver (1), Swiss Navy Silicone, (1),
Uberlube (1)
Astroglide Diamond (1), Durex (3), F*ck Water (1), Jo Warming (1), Jo Premium
(1)
Astroglide Silicone (1), Clean Stream (1), Shibari Silicone (1), Spunk Silicone (1),
Trojan A&I (1)
Doc Johnson Drip (1)
Vivid Raspberry (1)

The Group 1 samples were the only ones that contained the 437 and 695 amu peaks.
Group 6 contained the pulegone peak as its base peak in positive mode and the 219 amu as its
base peak in negative mode. The remaining groups contain PDMS peaks at various intensities
that may have separated them. Further analysis was required to determine the cause of the
clustering.
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Figure 25: PCA scores plots of DART-TOFMS personal lubricant combined mode spectra
projecting A) PC1, PC2, and PC3, B) PC1, PC2, and PC4, and C) PC1, PC2, and PC5
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Figure 26: Factor loadings of personal lubricant DART-TOFMS combined mode spectra for A)
PC1, B) PC2, C) PC3, D) PC4, and E) PC5
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Table 20: Summary of groups created by PCA of training personal lubricant combined mode
spectral dataset
Group
Group 1
Group 2

Group 3
Group 4
Group 5
Group 6

PCA – Combined Mode Lubricant Samples
Wet Ecstasy (1), Wet Naturals (1), Wet Platinum (1), Wet Uranus (1)
Gun Oil (1), ID Millennium (1), Passion Silicone (1), Pink (1), Pjur Back Door (2),
Pjur Original (2), Ride Bodyworx (1), Sliquid Silver (1), Swiss Navy Silicone, (1),
Uberlube (1)
Astroglide Diamond (1), Durex (3), F*ck Water (1), Jo Warming (1), Jo Premium
(1)
Astroglide Silicone (1), Clean Stream (1), Shibari Silicone (1), Spunk Silicone (1),
Trojan A&I (1)
Doc Johnson Drip (1)
Vivid Raspberry (1)

The first five PCs encompassed 90.9% of the variance. This was the number of PCs
retained to generate the scores plot (refer to Figure 25); therefore, the factor loadings for these
five PCs were analyzed in more detail (Figure 26).
The groups found through cluster analysis agreed with the groups found in PCA. The
factor loadings for PC1 showed that there was a strong positive correlation for the 313 amu
PDMS peak and strong negative correlations for 437 and 695 amu peaks. Groups 5 and 6 had
low intensity (below 50% relative abundance) 313 amu peaks, separating them from the rest of
the groups due to their higher PC1 scores. Group 1 was the only group to contain the 437 and
695 amu peaks, resulting in lower PC1 scores. This separated Group 1 from the remaining
groups.
There were strong positive correlations to the 153 amu pulegone and 219 amu peaks and
strong negative correlations to the 239 and 313 amu PDMS peaks in PC2. The pulegone and 219
amu peaks (the base peak in the negative spectra) caused Group 6 to have high PC2 scores,
separating it from Group 5.
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The factor loadings of PC3 showed that there were strong positive correlations to the 153
amu pulegone, 219 amu, and 313 amu PDMS peaks and strong negative correlations to the 165
and 445 amu PDMS peaks. Groups 5 and 6 were further separated since the pulegone peak
causes Group 6 to have the highest PC4 scores. The 165 amu PDMS peak caused Group 5 to
have the lowest PC3 scores since it is the base peak for the negative ionization spectra. Group 4
was separated from Groups 2 and 3 since they have lower intensity (below 80% relative
abundance) 313 amu peaks. Group 4 samples had low intensity or absent 445 amu PDMS peaks
(below 20% relative intensity), causing it to have higher PC3 scores.
There was a strong positive correlation to the 165 amu PDMS peak and strong negative
correlations to the 239 and 445 amu PDMS peaks. PC5 had strong positive correlations to the
313 and 445 amu PDMS peaks and strong negative correlations to the 165 and 355 amu PDMS
peaks. The combination of PC2, PC3, PC4, and PC5 separated Groups 2, 3, and 4 with minimal
overlap between Groups 2 and 3.
Table 21: Summary of DART-TOFMS characteristic peaks of condensed combined mode
personal lubricant spectra groups
Group
Group 1
Group 2
Group 3
Group 4
Group 5

Group 6

Characteristic Peaks (m/z)
437.1096
695.1244
313.0723
445.1210
313.0723
445.1210
313.0723
445.1210
239.0541
313.0723
445.1210
153.1296
219.1379

Relative Intensity (%)
20<x<100
20<x<100
>75
15<x<40
>75
<15
20<x<75
>40
<20
<20
15<x<40
100
100
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The first five PCs encompassed 90.9% of the dataset’s variance. The scores of the first
five PCs and the groups created through cluster analysis and PCA were utilized to create the
LDA classification training set. 97.3% of the samples were correctly classified through the
LOOCV method. The results were summarized in the confusion matrix below (Table 22). Four
samples were misclassified due to the variability of the 445 amu PDMS peak. One replicate of Jo
Premium and one replicate of Jo Warming (Group 3) were misclassified as Group 2 since its 445
amu PDMS peak was too high. A replicate of Sliquid Silver, which is part of Group 2, was
misclassified as Group 3. Its 445 amu PDMS peak is too low in intensity. A replicate of
Uberlube (Group 2) was misclassified as Group 4 since its 313 amu PDMS peak was too low in
intensity.
Table 22:Confusion matrix of condensed combined mode personal lubricant LOOCV results of
the training set
Assigned
Actual
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Total

Group
1
20
0
0
0
0
0
20

Group
2
0
58
2
0
0
0
60

Group
3
0
1
33
0
0
0
34

Group
4
0
1
0
25
0
0
26

Group
5
0
0
0
0
5
0
5

Group
6
0
0
0
0
0
5
5

Total
20
60
35
25
5
5
150

%
Correct
100
96.7
94.3
100
100
100
97.3

Using the combined mode spectral dataset resulted in fewer groups. The accuracy of the
training set tested with the LOOCV method was also poorer than that of just the positive mode
spectral dataset. Although personal silicone-based lubricants are better separated by positive
mode data, this may not be true for all types of lubricants. The addition of condom silicone-based
lubricants may also affect the accuracy and differentiation ability of combined mode data.
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The 15 test personal lubricant samples listed in Table 3 were tested against the LDA
classification training set. Predictions of test samples’ group assignations based on the human
observation of characteristic peaks were made before the samples were assigned groups using the
LDA training set. A summary of these group assignments is displayed in Table 23. The LDA
results ae further summarized in the confusion matrix below (Table 24).
Table 23: Summary of observation-based and LDA assigned groups of combined mode test
personal lubricants
Sample Name
Amity Jack Premium Bang Oil
Drip Silicone Lubricant Spicy
Gingerbread*

Observation-Based Group
Group 2

LDA Assigned Group
Group 2 (5)

Group 5

Group 5 (5)

Gun Oil Silicone*

Group 2

Jo Premium*
Juntos Silicone Lubricant
Luxxx Beauty Silicone
Lubricant
One Move Lubricant
Sliquid Silver*
Spunk Hybrid
Swiss Navy Silicone*
Trojan A&I
Turn On Silicone
Wet Ecstasy*
Wet Platinum*
Wet Synergy

Group 3
Group 3

Group 2 (4)
Group 3 (1)
Group 3 (5)
Group 3 (5)

Group 1

Group 1 (5)

Group 2
Group 3
Group 5
Group 3
Group 2
Group 1
Group 1
Group 1
Group 5

Group 2 (5)
Group 3 (5)
Group 4 (5)
Group 2 (5)
Group 4 (5)
Group 1 (5)
Group 1 (5)
Group 1 (5)
Group 4 (5)

Table 24: Confusion matrix of condensed combined mode test personal lubricant LDA results of
the test personal lubricants
Assigned
Observed
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Total

Group
1
20
0
0
0
0
0
20

Group
2
0
14
5
0
0
0
19

Group
3
0
1
15
0
0
0
16

Group
4
0
5
0
0
10
0
15
73

Group
5
0
0
0
0
5
0
5

Group
6
0
0
0
0
0
0
0

Total
20
20
20
0
15
0
75

%
Correct
100
70
75
33.3
72

The LDA assigned classifications of the three test personal lubricants (Spunk Hybrid,
Trojan A&I, and Wet Synergy) were of Group 4 when their groups assigned based on
characteristic peaks were different. This may be due to minor peaks interfering with the PCA
scores or because the groups were not completely separated from each other.
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5.2.2 Condom Lubricants
This section discusses the results from Dataset B, which contains data peaks from
condom lubricant spectra. Training sets were developed from this dataset to test samples against.
5.2.2.1 Positive Mode

Figure 27: Cluster dendrogram of condom lubricant positive mode spectral dataset
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The dendrogram (Figure 27) revealed that the condom lubricant dataset separated into 5
main sub-groups. Groups 4 and 5 were separated by a distance of approximately 500 units.
Group 3 and Groups 4 and 5 were separated by about 800 units. Group 2 and Groups 3-5 were
separated by about 1200 units. The distance between Group 1 and Groups 2-5 was roughly 3200
units.
Table 25: Summary of groups created by cluster analysis dendrogram of condom lubricant
positive mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4

Cluster Analysis – Positive Mode Lubricant Samples
Trojan ENZ
Kimono Ultra Thin
One Bubblegum
One Chocolate Strawberry, One Fresh Mint, One Island Punch, One Mint
Chocolate, LifeStyles 3Sum

Group 1 was the only group to contain nonoxynol-9 peaks. Group 2 samples contained
glycerol along with PDMS peaks below 5% relative intensity which separated Group 2 from the
others. Only Group 3 samples had the fraesol peak as its base peak. The remaining group
contained samples with similar spectra.
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Figure 28: PCA scores plots of DART-TOFMS condom lubricant positive mode spectra
projecting PC1, PC2, and PC3
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Figure 29: Factor loadings of condom lubricant DART-TOFMS positive mode spectra for A)
PC1, B) PC2, and C) PC3

Table 26: Summary of groups created by PCA of condom lubricant positive mode spectral
dataset
Group
Group 1
Group 2
Group 3
Group 4

PCA – Positive Mode Lubricant Samples
Trojan ENZ
Kimono Ultra Thin
One Bubblegum
One Chocolate Strawberry, One Fresh Mint, One Island Punch, One Mint
Chocolate, LifeStyles 3Sum

The first three PCs encompassed 94.6% of the variance. This was the number of PCs
retained to generate the scores plot (refer to Figure 28); therefore, the factor loadings for these
five PCs were analyzed in more detail (Figure 29).
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The factor loadings of PC1 showed that there were strong positive correlations with the
371 and 445 amu PDMS peaks and strong negative correlation with the 158.0454 amu novol
ketone peak and four nonoxynol-9 peaks at 573.3027, 617.4274, 661.4534, and 705.4803amu.
The nonoxynol-9 peaks and novol ketone peak caused Group 1 to have the lowest PC1 scores,
separating it from the rest of the groups since Group 1 was the only group to have those peaks.
Group 2 lacked the 371 and 445 amu PDMS peaks, giving it lower PC1 scores than Groups 4
and 5, separating Group 2 from the remaining groups.
There were strong positive correlations with the 371 and 445 amu PDMS peaks and
strong negative correlations with the 74.097 amu butylamine peak and 93.0554 amu glycerol
peaks in PC2. Group 2 is further separated since it is the only group with the butylamine and
glycerol peaks, causing it to have low PC2 scores.
The factor loadings of PC3 showed that there was a strong positive correlation with the
371 amu PDMS peak and strong negative correlations with the 105.0702 amu styrene peak,
133.0668 amu cinnamaldehyde, and 207.1015 amu fraeseol peak. Group 3’s base peak was the
fraeseol peak, causing it to separate from Group 4.
Table 27: Summary of DART-TOFMS characteristic peaks of positive mode condom groups
Group
Group 1
Group 2
Group 3
Group 4

Characteristic Peaks (m/z)
Novol Ketone: 158.0454
Nonoxynol-9: 573.4027, 617.4274,
661.4534, and 705.4803
Butylamine: 74.097
Glycerol: 93.0554
Fraeseol: 207.1015
371.1018
445.1191

Relative Intensity (%)
50<x<100
60<x<100
>50
20<x<90
100
100
>50

The first five PCs encompassed 98.1% of the dataset’s variance. The scores of the first
five PC’s and the groups created through cluster analysis and PCA were utilized to create the
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LDA classification training set. 100% of the samples were correctly classified through the
LOOCV method. The results are summarized below in the confusion matrix (Table 40).
However, since there are so few samples, this does not give a representative look into the
accuracy of classifying PDMS condom lubricants. More PDMS condom lubricants are needed to
determine a classification scheme for PDMS condom lubricants.
Table 28:Confusion matrix of positive mode condom lubricant LOOCV results of the training set
Assigned
Actual
Group 1
Group 2
Group 3
Group 4
Total

Group 1

Group 2

Group 3

Group 4

Total

5
0
0
0
5

0
5
0
0
5

0
0
5
0
5

0
0
0
25
25

5
5
5
25
40

%
Correct
100
100
100
100
100

The three test condom lubricant samples listed in Table 3 were used to test the LDA
classification training set. Predictions of test samples’ group assignations based on the
observation of characteristic peaks were made before the samples were assigned groups using the
LDA training set. A summary of these group assignments is displayed in Table 29, which is
further summarized in the confusion matrix below (Table 30).
Table 29: Summary of observation-based and LDA assigned groups of test positive mode
condom lubricants of the test condom lubricants
Sample Name
Crown Lightly Lubricated
One Fresh Mint
Trojan Ultra Thin Armor

Observation-Based Group
Group 4
Group 4
Group 1
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LDA Assigned Group
Group 4 (5)
Group 4 (5)
Group 1 (5)

Table 30:Confusion matrix of positive mode test condom lubricant LDA results
Assigned
Observed
Group 1
Group 2
Group 3
Group 4
Total

Group 1

Group 2

Group 3

Group 4

Total

5
0
0
0
5

0
0
0
0
0

0
0
0
0
0

0
0
0
10
10

5
0
0
10
15

%
Correct
100

100
100

All of the LDA assigned groups matched the groups assigned by human observation
based on the characteristic peaks. Therefore, this method of differentiating condom lubricants is
accurate and useful.

81

5.2.2.2 Negative Mode

Figure 30: Cluster dendrogram of condom lubricant negative mode spectral dataset
The dendrogram (Figure 30) revealed that the condom lubricant dataset separated into 4
main sub-groups. Groups 3 and 4 were separated by a distance of approximately 700 units.
Group 2 and Groups 3 and 4 were separated by about 800 units. Groups 2 and Groups 3-5 were
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separated by about 1200 units. The distance between Groups 1 and Groups 2-4 was roughly 1500
units.
Table 31: Summary of groups created by cluster analysis dendrogram of condom lubricant
negative mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4

Cluster Analysis – Negative Mode Lubricant Samples
One Bubblegum, One Chocolate Strawberry, One Fresh Mint, One Island Punch,
One Mint Chocolate
Kimono Ultra Thin
LifeStyles 3Sum
Trojan ENZ Armor

Group 1’s base peak was the 219.1527 peak, separating it from the other groups. Group
2’s base peak was the benzoic acid peak, which was not present in any other group. The only
group that had the 95.907 was Group 4, where it was the base peak of the spectrum. This peak
primarily separated Group 4 from Group 3.

Figure 31: PCA scores plots of DART-TOFMS condom lubricant negative mode spectra
projecting PC1, PC2, and PC3
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Figure 32: Factor loadings of condom lubricant DART-TOFMS negative mode spectra for A)
PC1, B) PC2, and C) PC3

Table 32: Summary of groups created by PCA of condom lubricant negative mode spectral
dataset
Group
Group 1
Group 2
Group 3
Group 4

PCA – Negative Mode Lubricant Samples
One Bubblegum, One Chocolate Strawberry, One Fresh Mint, One Island Punch,
One Mint Chocolate
Kimono Ultra Thin
LifeStyles 3Sum
Trojan ENZ Armor

The first three PCs encompassed 93.1% of the variance. This was the number of PCs
retained to generate the scores plot (refer to Figure 31); therefore, the factor loadings for these
five PCs were analyzed in more detail (Figure 32).
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The factor loadings of PC1 showed that there were strong positive correlations to the
95.907 and 279.2401 amu peaks and a strong negative correlation to the 219.1527 amu peak.
Group 1’s base peak was the 219 amu peak. This gave Group 1 negative PC1 scores, separating
it from the other groups.
There was a strong positive correlation to the 121.0243 amu benzoic acid peak and strong
negative correlations to the 255.2064, 279, and 283.2347 amu peaks in PC2. Not only was Group
2 the only group with the benzoic acid peak, it was also its base peak. This gave Group 2 the
highest PC2 scores, separating it from Groups 3 and 4. Group 3’s base peak was the 279 amu
peak, giving it the lowest PC2 scores, separating it from Group 4.
The factor loadings of PC3 showed there was a strong positive correlation to the 121 amu
benzoic acid peak and a strong negative correlation to the 95 amu peak. This caused Group 4 to
have the lowest PC3 scores, further separating it from the rest of the groups.
Table 33: Summary of DART-TOFMS characteristic peaks of negative mode condom groups
Group
Group 1
Group 2
Group 3
Group 4

Characteristic Peaks (m/z)
219.1527
255.2064, 279.2041, and 283.2347
Benzoic Acid: 121.0243
255.2064, 279.2041, and 283.2347
219.2041
255.2064, 279.2041, and 283.2347
95.907
255.2064, 279.2041, and 283.2347
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Relative Intensity (%)
100
5<x<60
100
Absent
100
60<x<100
100
5<x<60

5.2.2.3 Combined Mode

Figure 33: Cluster dendrogram of condom lubricant combined mode spectral dataset
The dendrogram (Figure 33) revealed that the condom lubricant dataset separated into 6
main sub-groups. Groups 2 and 3 were separated by a distance of approximately 650 units.
Groups 1 and 2 were separated by a distance of approximately 1100 units. Groups 4 and 5 were
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separated by about 1450 units. Groups 1-3 and Groups 4 and 5 were separated by about 2200
units.
Table 34: Summary of groups created by cluster analysis dendrogram of combined mode
condom lubricant spectral dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5

Cluster Analysis – Combined Mode Lubricant Samples
LifeStyles 3Sum
One Bubblegum
One Chocolate Strawberry, One Fresh Mint, One Island Punch, One Mint
Chocolate
Trojan ENZ Armor
Kimono Ultra Thin

The Group 1 samples had the 279 amu peak as their negative mode base peaks. Groups 2
and 3 contained the 219 amu peak as their negative base peaks, but only Group 2 has the fraesol
peak as its positive mode base peak. Group 4 was the only group to contain nonoxynol-9 peaks
and the 95.907 amu peak. Group 5 was the only group to have the benzoic acid and 93.0554 amu
peaks. All of these factors assisted in separating the five groups.
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Figure 34: PCA scores plots of DART-TOFMS condom lubricant negative mode spectra
projecting A) PC1, PC2, and PC3 and B) PC1, PC2, and PC4
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Figure 35: Factor loadings of condom lubricant DART-TOFMS combined mode spectra for A)
PC1, B) PC2, C) PC3, and D) PC4

Table 35: Summary of groups created by PCA of combined mode condom lubricant spectral
dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5

PCA – Combined Mode Lubricant Samples
LifeStyles 3Sum
One Bubblegum
One Chocolate Strawberry, One Fresh Mint, One Island Punch, One Mint
Chocolate
Trojan ENZ Armor
Kimono Ultra Thin
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The first four PCs encompassed 94.8% of the variance. This was the number of PCs
retained to generate the scores plot (refer to Figure 34); therefore, the factor loadings for these
five PCs were analyzed in more detail (Figure 35).
The factor loadings of PC1 showed that there were strong positive correlations to the 219
amu peak and 371 amu PDMS peak and strong negative correlations to the 95 amu peak and 617
and 661 amu nonoxynol-9 peaks. Group 4 was the only group with the 95 amu and nonoxynol-9
peaks, giving it the lowest PC1 scores, separating it from the rest of the groups.
There was a strong positive correlation to the 371 amu PDMS peak and strong negative
correlations to the 74 amu peak, 93 amu glycerol peak and 121 amu benzoic acid peak. Group 5
is separated from the rest of the groups due to its benzoic acid peak, its base peak in the negative
ionization spectrum. The presence of the glycerol peak also contributed to Group 5 having the
lowest scores in PC2.
The factor loadings of PC3 showed that there was a strong positive correlation to the 279
amu peak and strong negative correlations to the 207 amu fraeseol peak and 219 amu peak.
Group 1’s base peak was the 279 amu peak, giving it the highest PC3 scores and separating it
from Groups 2 and 3. Groups 2 and 3 both had the 219 amu peak as its base peak for the negative
ionization spectra, but only Group 2 had its base peak of its positive ionization spectra as the
fraeseol peak. This gave Group 2 the lowest PC3 scores, separating it from Group 3.
There was a strong positive correlation to the 327 amu peak and strong negative
correlations to the 133 amu cinnamaldehyde and 207 amu fraeseol peaks. Group 2 was further
separated from Group 3 since its high intensity fraeseol peak causes it to have the lowest PC4
scores.
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Table 36: Summary of DART-TOFMS characteristic peaks of combined mode condom groups
Group
Group 1
Group 2
Group 3
Group 4

Group 5

Characteristic Peaks (m/z)
279.2041
Fraeseol: 207.1015
219.2041
219.2041
95.907
Nonoxynol-9 Peaks: 573.4027, 617.4274,
661.4534, and 705.4803
93.0554
Benzoic Acid: 121.0243

Relative Intensity (%)
100
100
100
100
100
60<x<100
20<x<90
50<x<100

The first five PCs encompassed 97.1% of the dataset’s variance. The scores of the first
five PC’s and the groups created through cluster analysis and PCA were utilized to create the
LDA classification training set of the condom lubricant combined mode dataset. 100% of the
samples were correctly classified through the LOOCV method. The confusion matrix below
summarized the LOOCV results (Table 37).
Table 37:Confusion matrix of combined mode condom lubricant LOOCV results of the training
set
Assigned
Actual
Group 1
Group 2
Group 3
Group 4
Group 5
Total

Group 1

Group 2

Group 3

Group 4

Group 5

Total

5
0
0
0
0
5

0
5
0
0
0
5

0
0
20
0
0
20

0
0
0
5
0
5

0
0
0
0
5
5

5
5
20
5
5
40

%
Correct
100
100
100
100
100
100

The use of the combined mode spectral dataset of the condom lubricants resulted in more
groups than the positive mode alone. Since the accuracy of the training datasets tested through
LOOCV is the same, using the combined mode dataset is preferable for the additional sub-group
differentiation.
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The three test condom lubricant samples listed in Table 3 were used to test the LDA
classification training set. Predictions of test samples’ group assignations based on the
observation of characteristic peaks were made before the samples were assigned groups using the
LDA training set. A summary of these group assignments are displayed in Table 38. These
results are further summarized by the confusion matrix below (Table 39).
Table 38: Summary of observation-based and LDA assigned groups of combined mode test
condom lubricants
Sample Name
Crown Lightly Lubricated
One Fresh Mint
Trojan Ultra Thin Armor

Observation-Based Group
Group 1
Group 3
Group 4

LDA Assigned Group
Group 1 (5)
Group 3 (5)
Group 4 (5)

Table 39:Confusion matrix of combined mode test condom lubricant LDA results
Assigned
Observed
Group 1
Group 2
Group 3
Group 4
Group 5
Total

Group 1

Group 2

Group 3

Group 4

Group 5

Total

5
0
0
0
0
5

0
0
0
0
0
0

0
0
5
0
0
5

0
0
0
5
0
5

0
0
0
0
0
0

5
0
5
5
0
15

%
Correct
100

All of the LDA assigned groups matched the groups assigned based on human
observation of the characteristic peaks. Therefore, this method of differentiating condom
lubricants is accurate and useful.
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100
100
100

5.2.3 Personal and Condom Lubricants
This section discusses the results from Dataset C, which contains data peaks from
personal and condom lubricant spectra. Training sets were developed from this dataset to test
samples against in order to develop a classification scheme.
5.2.3.1 Positive Mode

Figure 36: Cluster dendrogram of personal and condom lubricant positive mode spectral dataset
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The dendrogram (Figure 36) revealed that based on the positive ionization information,
Dataset C separated into 9 main sub-groups. Groups 8 and 9 were separated by a distance of
approximately 650 units. Groups 5 and 6 were separated by a distance of approximately 700
units. Groups 3 and 4 were separated by a distance of approximately 700 units. Group 7 and
Groups 8 and 9 were separated by about 900 units. Groups 2 and Groups 3 and 4 were separated
by approximately 1250 units. Group 1 and Groups 2-4 were separated by about 1600 units.
Groups 5 and 6 and Groups 7-9 were separated by about 1900 units. The distance between
Groups 1-4 and Groups 5-9 was roughly 3000 units.
Table 40: Summary of groups created by cluster analysis dendrogram in of training set personal
and condom lubricant positive mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9

Cluster Analysis – Positive Mode Lubricant Samples
Trojan ENZ Armor
Astroglide Diamond, Wet Ecstasy
Vivid Raspberry
Kimono Ultra Thin
Durex, F*ck Water, Jo Premium, Jo Warming
Doc Johnson Drip, Gun Oil, ID Millennium, Passion Silicone, Pink, Pjur Back
Door, Pjur Original, Ride Bodyworx, Sliquid Silver, Swiss Navy Silicone, Wet
Naturals, Wet Platinum, Wet Uranus
Astroglide Silicone, Clean Stream, LifeStyles 3Sum, One Fresh Mint, Shibari
Silicone, Spunk Silicone, Trojan A&I, Uberlube,
One Bubblegum
One Chocolate Strawberry, One Island Punch, One Mint Chocolate

Only the Group 1 samples contain nonoxynol-9 peaks. Group 2 contained high intensity
capric/caprylic triglyceride peaks. The cyclopentasiloxane peak (371.1018 amu), unlike most of
the other groups, was not the base peak for Group 2. Group 3’s base peak was pulegone. Group 4
contained PDMS peaks below 5%. Group 9’s base peak was fraesol. These factors separated
these groups from the others. The remaining groups contained PDMS peaks at varying
intensities. Further analysis was required to determine the source for the clustering.
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Figure 37: PCA scores plots of DART-TOFMS personal and condom lubricant positive mode
spectra projecting A) PC1, PC2, and PC3, B) PC1, PC2, and PC4, and C) PC1, PC2, and PC5
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Figure 38: Factor loadings of personal and condom lubricant DART-TOFMS positive mode
spectra for A) PC1, B) PC2, C) PC3, D) PC4, and E) PC5
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Table 41: Summary of groups created by the PCA of training set personal and condom lubricant
positive mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9

PCA – Positive Mode Lubricant Samples
Trojan ENZ Armor
Astroglide Diamond, Wet Ecstasy
Vivid Raspberry
Kimono Ultra Thin
Durex, F*ck Water, Jo Premium, Jo Warming
Doc Johnson Drip, Gun Oil, ID Millennium, Passion Silicone, Pink, Pjur Back
Door, Pjur Original, Ride Bodyworx, Sliquid Silver, Swiss Navy Silicone, Wet
Naturals, Wet Platinum, Wet Uranus
Astroglide Silicone, Clean Stream, LifeStyles 3Sum, One Fresh Mint, Shibari
Silicone, Spunk Silicone, Trojan A&I, Uberlube,
One Bubblegum
One Chocolate Strawberry, One Island Punch, One Mint Chocolate

The first five PCs encompassed 87.9% of the variance. This was the number of PCs
retained to generate the scores plot (Figure 37); therefore, the factor loadings for these five PCs
were analyzed in more detail (Figure 38).
The factor loadings of PC1 showed there were strong positive correlations to the 617 and
661 amu nonoxynol-9 peaks and a strong negative correlation to the 371 amu PDMS peak. Only
Group 1 had the nonoxynol-9 peaks, so it had the highest PC1 scores, separating it from the rest
of the groups. Groups 2, 3, and 4 were the only groups besides Group 1 whose base peak wasn’t
the 371 amu PDMS peak. This separated Groups 2-4 from Groups 5-9.
There were strong positive correlations to the 327 and 355 amu capric/capyllic
triglyceride peak in PC2. Group 2 had the 327 and 355 amu capric/capryllic triglyceride peaks at
a relative intensity above 90%. This caused Group 2 to have the lowest PC2 scores, separating it
from Groups 3 and 4.
The factor loadings of PC3 showed that there were positive correlations to the 207 amu
fraeseol peak and 445 amu PDMS peak. There were weak positive correlations to most of the
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remaining peaks. Group 8 had the fraeseol peak as its base peak, giving it the highest PC3 scores.
This separated Group 8 from Groups 5, 6, 7 and 9. Group 9 samples had varying combinations
fraesol and capric/caprylic triglyceride in addition to the 445 amu PDMS peak, unlike Groups 57. This gave Group 9 higher PC3 scores, separating it from Groups 5-7. Group 4 lacked the 445
amu PDMS peak. This caused Group 4 to have lower PC3 scores than Group 3, separating them.
Groups 5, 6, and 7 were separated through the relative intensities of the 445 amu PDMS peaks.
Group 5 had the lowest 445 amu peak, and Group 7 had the highest 445 amu peaks of the three
groups.
There were strong positive correlations to the 74 amu butylamine, 93 amu glycerol, and
207 amu fraeseol peaks in PC4. There were also strong negative correlations to the 371 amu
PDMS peak and 327 and 355 amu capric/capryllic triglyceride peaks. Group 4 had high intensity
butylamine and glycerol peaks, giving the highest PC4 peaks.
There were strong positive correlations to the 133 amu cinnamaldehyde and 207 amu
fraeseol peaks and strong negative correlations to the 153 amu pulegone and 445 amu PDMS
peaks. Since Group 8’s base peak was the 207 amu fraeseol peak, it had the highest PC5 scores.
Group 3’s base peak is the 153 amu pulegone peak, giving it the highest PC5 scores.
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Table 42: Summary of DART-TOFMS characteristic peaks of positive mode personal and
condom lubricant spectral groups
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9

Characteristic Peaks (m/z)
Nonoxynol-9: 617.4274 and 661.4534
445.1210
Capric/Capryllic Triglyceride: 327.2525 and
355.2837
Pulegone: 153.1296
Butylamine: 74.097
Glycerol: 93.0554
371.1018 and 445.1191
371.1018
445.1191
371.1018
445.1191
371.1018
445.1210
Fraeseol: 207.1015
445.1210
Cinnamaldehyde (133.0668), Fraeseol
(207.1015), or Capric/Capryllic
Triglyceride (327.2525 and 355.2837)

Relative Intensity (%)
Present
<15
>50
100
>40
>40
Absent
100
<15
100
15<x<40
100
>40
100
>40
>30

The first eight PCs encompassed 92.9% of the dataset’s variance. The scores of the first
five PCs and the groups created through cluster analysis and PCA were utilized to create the
LDA classification training set of the personal and condom lubricant positive mode dataset.
97.9% of the samples were correctly classified through the LOOCV method. The results are
summarized in the confusion matrix below (Table 43). Only 4 of the 190 samples were
misclassified. One replicate of ID Millennium, from Group 6, was misclassified as Group 7
because its 445 amu PDMS peak was too high in intensity. One replicate of Trojan A&I (Group
7) was misclassified as Group 6 because its 445 amu PDMS peak was too low in intensity. Two
replicates of Sliquid Silver from Group 6 was misclassified as Group 5 because of its low
intensity 445 amu peak.
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Table 43: Confusion matrix of positive mode personal and condom lubricant LOOCV results of
the training set
Assigned
Actual
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9
Total

Group
1
5
0
0
0
0
0
0
0
0
5

Group
2
0
10
0
0
0
0
0
0
0
10

Group
3
0
0
5
0
0
0
0
0
0
5

Group
4
0
0
0
5
0
0
0
0
0
5

Group
5
0
0
0
0
30
2
0
0
0
32

Group
6
0
0
0
0
0
72
0
0
0
72

Group
7
0
0
0
0
0
1
40
0
1
42

Group
8
0
0
0
0
0
0
0
5
0
5

Group
9
0
0
0
0
0
0
0
0
14
14

Total
5
10
5
5
30
75
40
5
15
190

%
Correct
100
100
100
100
100
96
100
100
93.3
97.9

The 18 personal and condom test lubricants from Table 3 were used to test the LDA
classification training set. Predictions of test samples’ group assignations based on the human
observation of characteristic peaks were made before the samples were assigned groups using the
LDA training set. A summary of these group assignments is displayed in Table 44 and further
summarized in the confusion matrix below (Table 45).

Table 44: Summary of observation-based and LDA assigned groups of combined mode test
personal and condom lubricants
Sample Name

Observation-Based Group

Amity Jack Premium Bang Oil

Group 6

Crown Lightly Lubricated
Drip Silicone Lubricant Spicy
Gingerbread*

Group 7

LDA Assigned Group
Group 5 (1)
Group 6 (4)
Group 7 (5)

Group 7

Group 7 (5)

Gun Oil Silicone*

Group 6

Jo Premium*

Group 6

Juntos Silicone Lubricant
Luxxx Beauty Silicone
Lubricant
One Banana Split
One Move Lubricant
Sliquid Silver*

Group 5
Group 6
Group 9
Group 7
Group 5
100

Group 5 (2)
Group 6 (3)
Group 5 (1)
Group 6 (4)
Group 5 (5)
Group 5 (1)
Group 6 (4)
Group 9 (5)
Group 7 (5)
Group 5 (5)

Sample Name
Spunk Hybrid

Observation-Based Group
Group 6

Swiss Navy Silicone*

Group 6

Trojan A&I*
Trojan Ultra Thin Armor

Group 6
Group 1

Turn On Silicone

Group 6

Wet Ecstasy*

Group 9

Wet Platinum*
Wet Synergy

Group 6
Group 4

LDA Assigned Group
Group 6 (5)
Group 5 (1)
Group 6 (4)
Group 6 (5)
Group 1 (5)
Group 5 (1)
Group 6 (4)
Group 2 (2)
Group 9 (3)
Group 6 (5)
Group 4 (5)

Table 45:Confusion matrix of positive mode test personal and condom lubricant LDA results
Assigned
Actual
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9
Total

Group
1

Group
2

Group
3

Group
4

Group
5

Group
6

Group
7

Group
8

Group
9

Total

5
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
2

0
0
0
0
0
0
0
0
0

0
0
0
5
0
0
0
0
0

0
0
0
0
10
7
0
0
0

0
0
0
0
0
38
0
0
0

0
0
0
0
0
0
15
0
0

0
0
0
0
0
0
0
0
0

0

5

2

0

5

17

38

15

0

8

5
0
0
5
10
45
15
0
10
90

0

0
0
0
0
0
0
8

%
Correct
100

100
100
84.4
100
80
90

The LDA assigned groups mostly agreed with the group predictions made by a human
observer based on the characteristic peaks. However, all discrepancies were due to the variability
of the 445 amu PDMS peak. All of the misclassified replicates of samples had 445 amu PDMS
peaks that were too low in intensity.
Test samples that were the same as samples from the training set but from different lots,
designated by “*”, often were assigned different groups, such as Jo Premium. This is primarily
due the the fact that most of the groups are based on the relative intensity of the 445 amu PDMS
peak. This makes it difficult to separate samples based solely on the intensity of this peak as it
related to the training set samples. Variation between different lots seems to be high enough to
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cause different group assignations. Only the Wet Platinum, Swiss Navy Silicone, and Drip
Silicone test samples agreed with the group designation of its training set sample counterparts.
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5.2.3.2 Negative Mode

Figure 39: Cluster dendrogram of personal and condom lubricant negative mode spectral
dataset
The dendrogram (Figure 39) revealed that Dataset C separated into 5 main sub-groups.
Groups 1 and 2 were separated by a distance of approximately 1800 units. Groups 4 and 5 were
separated by a distance of approximately 1000 units. Group 3 and Groups 4 and 5 were separated
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by about 3000 units. The distance between Groups 1 and 2 and Groups 3-5 was roughly 6000
units.
Table 46: Summary of groups created by the cluster analysis dendrogram of training set
personal and condom lubricant negative mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5

Cluster Analysis – Negative Mode Lubricant Samples
One Bubblegum, One Chocolate Strawberry, One Fresh Mint, One Island Punch,
One Mint Chocolate, Vivid Raspberry
Kimono Ultra Thin, LifeStyles 3Sum, Trojan ENZ Armor
Wet Ecstasy Wet Naturals, Wet Platinum, Wet Uranus
Astroglide Diamond, Doc Johnson Drip, F*ck Water, Gun Oil, ID Millennium, Jo
Warming, Passion Silicone, Pink, Pjur Back Door, Pjur Original, Ride Bodyworx,
Shibari Silicone, Swiss Navy Silicone, Trojan A&I, Uberlube
Astroglide Silicone, Clean Stream, Durex, Jo Premium, Sliquid Silver, Spunk
Silicone

Group 1’s base peak was the 219 amu peak. Group 2 contained low intensity PDMS
peaks (below 30%). Only Group 3 had the 437 and 695 amu peaks. The remaining groups
contained varying intensities of PDMS peaks. Further analysis was required to determine why
these groups clustered as they did.
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Figure 40: PCA scores plots of DART-TOFMS personal and condom lubricant negative mode
spectra projecting A) PC1, PC2, and PC3, B) PC1, PC2, and PC4, and C) PC1, PC2, and PC5
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Figure 41: Factor loadings of personal and condom lubricant DART-TOFMS negative mode
spectra for A) PC1, B) PC2, C) PC3, D) PC4, and E) PC5
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Table 47: Summary of groups created by PCA of training set personal and condom lubricant
negative mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5

PCA – Negative Mode Lubricant Samples
One Bubblegum, One Chocolate Strawberry, One Fresh Mint, One Island Punch,
One Mint Chocolate, Vivid Raspberry
Kimono Ultra Thin, LifeStyles 3Sum, Trojan ENZ Armor
Wet Ecstasy Wet Naturals, Wet Platinum, Wet Uranus
Astroglide Diamond, Doc Johnson Drip, F*ck Water, Gun Oil, ID Millennium, Jo
Warming, Passion Silicone, Pink, Pjur Back Door, Pjur Original, Ride Bodyworx,
Shibari Silicone, Swiss Navy Silicone, Trojan A&I, Uberlube
Astroglide Silicone, Clean Stream, Durex, Jo Premium, Sliquid Silver, Spunk
Silicone

The first five PCs encompassed 88.6% of the variance. This was the number of PCs
retained to generate the scores plot (Figure 40); therefore, the factor loadings for these five PCs
were analyzed in more detail (Figure 41).
The factor loadings of PC1 showed there was a strong positive correlation to the 219 amu
peak and strong negative correlations to the 239 amu and 313 amu PDMS peaks. Groups 3-5 had
high intensity 239 amu and 313 amu PDMS peaks, combining to create high PC1 scores. This
separated Groups 3-5 from Groups 1 and 2. Group 1’s base peak was the 219 amu peak. Group 2
had low intensity 239 amu and 313 amu peaks. This gave Groups 1 and 2 similar, low PC1
scores.
There were strong positive correlations to the 437 and 695 amu peaks and a strong
negative correlation to the 313 amu PDMS peak in PC2. Group 3 was the only group to contain
the 437 and 695 amu peaks, causing it to have the highest PC2 scores. This separated it from
Groups 4 and 5.
The factor loadings of PC3 showed there was a strong positive correlation to the 219 amu
peak and strong negative correlations to the 95 and 279 amu peaks. Group 1’s base peak was the
219 amu peak, giving it the highest PC3 scores. This separated Group 1 from Group 2.
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There was a strong positive correlation to the 121 amu benzoic acid peak and strong
negative correlations to the 255, 279, and 283 amu peaks in PC4. The factor loadings of PC5
showed there was a strong positive correlation to the 95 amu peak and a strong negative
correlation to the 121 amu benzoic acid peak. Groups 4 and 5, however, were separated by the
313 amu PDMS peak. Group 4’s 313 amu PDMS peaks were higher in intensity Group 5’s 313
amu peaks, causing it to have higher PC5 scores than Group 5.
Table 48: Summary of DART-TOFMS characteristic peaks of condensed negative mode personal
lubricant spectra groups
Group
Group 1
Group 2
Group 3
Group 4
Group 5

Characteristic Peaks (m/z)
219.1527
PDMS: 239.0339 and 313.046
437.1096
695.1244
239.0339
313.046
239.0339
313.046

Relative Intensity (%)
100
<30
35<x<100
35<x<100
>70
>85
100
30<x<85
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5.2.3.3 Combined Mode

Figure 42: Cluster dendrogram of personal and condom lubricant combined mode spectral
dataset
The dendrogram (Figure 42) revealed that Dataset C separated into 9 main sub-groups.
Groups 4 and 5 were separated by a distance of approximately 950 units. Groups 6 and 7 were
separated by a distance of approximately 1000 units. Groups 1 and 2 were separated by a
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distance of approximately 1050 units. Groups 8 and 9 were separated by about 1500 units. Group
3 and Groups 4 and 5 were separated by approximately 1600 units. Groups 1 and 2 and Groups
3-5 were separated by about 2200 units. Groups 6 and 7 and Groups 8 and 9 were separated by
about 2800 units. The distance between Groups 1-5 and Groups 6-9 was roughly 5900 units.
Table 49: Summary of groups created by cluster analysis dendrogram in of training set personal
and condom lubricant combined mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9

Cluster Analysis - Lubricant Samples
Trojan ENZ Armor
Vivid Raspberry
Kimono Ultra Thin
LifeStyles 3Sum
One Bubblegum, One Chocolate Strawberry, One Fresh Mint, One Island Punch,
One Mint Chocolate
Doc Johnson Drip, Durex, F*ck Water, Gun Oil, ID Millennium, Jo Warming,
Passion Silicone, Pink, Pjur Back Door, Pjur Original, Ride Bodyworx, Swiss Navy
Silicone
Astroglide Silicone, Clean Stream, Jo Premium, Shibari Silicone, Sliquid Silver,
Spunk Silicone, Trojan A&I, Uberlube
Wet Naturals, Wet Platinum, Wet Uranus
Astroglide Diamond, Wet Ecstasy

Group 1 was the only group to have nonoxynol-9 peaks. Group 2’s positive mode base
peak is pulegone. Group 3 had PDMS peaks with intensities below 5%. Group 5 samples were
the only ones to have the 219 amu peak as their base peaks. Group 8 samples contain the 695
amu peak. Group 9 contains high intensity capric/caprylic triglyceride peaks. Although one of
the samples in Group 9 also has the 695 amu peak, this fact is overshadowed by the
capric/caprylic triglyceride peaks. The remaining groups have various intensity PDMS peaks.
Further analysis was required to identify the cause for the group separations.
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Figure 43: PCA scores plots of DART-TOFMS personal and condom lubricant combined mode
spectra projecting A) PC1, PC2, and PC3, B) PC1, PC2, and PC4, and C) PC1, PC2, and PC5
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Figure 44: Factor loadings of personal and condom lubricant DART-TOFMS combined mode
spectra for A) PC1, B) PC2, C) PC3, D) PC4, and E) PC5
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Table 50: Summary of groups created by PCA of training set personal and condom lubricant
combined mode spectral dataset
Group
Group 1
Group 2
Group 3
Group 4
Group 5

Group 6
Group 7
Group 8

PCA - Lubricant Samples
Trojan ENZ Armor
Vivid Raspberry
Kimono Ultra Thin
LifeStyles 3Sum
One Bubblegum, One Chocolate Strawberry, One Fresh Mint, One Island Punch,
One Mint Chocolate
Astroglide Silicone, Clean Stream, Doc Johnson Drip, Durex, F*ck Water, Gun
Oil, ID Millennium, Jo Premium, Jo Warming, Passion Silicone, Pink, Pjur Back
Door, Pjur Original, Ride Bodyworx, Shibari Silicone, Sliquid Silver, Spunk
Silicone, Swiss Navy Silicone, Trojan A&I, Uberlube
Wet Naturals, Wet Platinum, Wet Uranus
Astroglide Diamond, Wet Ecstasy

Most of the groups identified through cluster analysis were the same as those found
through PCA. However, when the PCA scores were plotted, the scores of Groups 6 and 7 from
cluster analysis were too similar to be considered separate. Therefore, Groups 6 and 7 were
merged into one group.
The first five PCs encompassed 79.6% of the variance. This was the number of PCs
retained to generate the scores plot (refer to Figure 43); therefore, the factor loadings for these
five PCs were analyzed in more detail (Figure 44).
The factor loadings of PC1 showed there were strong positive correlations to the 239 and
313 amu PDMS peaks and a strong negative correlation to the 219 amu peak. The combination
of high intensity 239 and 313 amu PDMS peaks and a lack of 219 amu peaks caused Groups 6-8
to have the highest PC1 scores, separating them from the rest of the groups. There were also
weak negative correlations to the 617 and 661 amu nonoxynol-9 peaks in PC1. Group 1’s
samples lacked the 239 and 313 amu PDMS peaks and contained high intensity nonoxynol-9
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peaks. This caused Group 1 to have the lowest PC1 scores, separating it from the rest of the
groups.
There were strong positive correlations to the 219 amu peak and 371 and 445 amu PDMS
peaks in PC2. There were weak negative correlations to the 95 amu peak and 617 and 661
nonoxynol-9 peaks. The combination of having the 219 amu peak as its negative ionization mode
spectral base peak and high intensity 371 and 445 amu peaks caused Group 5 to have the highest
PC2 scores, separating it from the rest of the groups. Group 1 was the only group to contain the
95 amu peak and nonoyxnol-9 peaks, resulting in the lowest PC2 scores, further separating it
from the remaining groups. Group 3 lacked the 371 and 445 amu PDMS peaks, giving it lower
scores than Groups 2 and 4. Group 8 separated from Groups 6 and 7 due to its 371 and 445 amu
PDMS peaks. Group 8 samples had lower intensity PDMS peaks than those of Groups 6 and 7.
This gave Group 8 lower PC2 scores than Groups 6-8.
The factor loadings of PC3 showed there were strong positive correlations to the 327 and
355 amu capric/caprylic triglyceride peaks and 695 amu peak. Group 7 contained the 695 amu
peak at a high intensity, giving it high PC3 scores, separating it from Group 6.
There were strong positive correlations to the 371 amu PDMS and 695 amu peaks in
PC4. There was a medium negative correlation to the 121 amu benzoic acid peak. Group 2 had
lower intensity 371 amu PDMS peaks than Group 2, resulting in lower PC4 scores and group
separation.
The factor loadings of PC5 showed strong positive correlations to the 355 and 327 amu
capric/capryllic triglyceride peaks in PC5. There was also a strong negative correlation to the
121 amu benzoic acid peak.
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Table 51: Summary of DART-TOFMS characteristic peaks of combined mode personal and
condom lubricant spectral groups
Group
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8

Characteristic Peaks (m/z)
Nonoxynol-9: 617.4274 and 661.4534
371.1018
371.1018
445.1191
371.1018
445.1191
239.0339
371.10178
445.1191
219.1527
445.1191
239.0339
371.1018
445.1210
445.1210
695.1244
Capric/Capryllic Triglyceride (327.2525
and 355.2837)
371.1018

Relative Intensity (%)
90<x<100
<30
<60
<30
<5
<5
<30
100
>60
100
>30
70<x<100
100
5<x<75
<35
50<x<100
90<x<100
15<x<60

The first eight PCs encompassed 91.6% of the dataset’s variance. The scores of the first
five PCs and the groups created through cluster analysis and PCA were utilized to create the
LDA classification training set of the condom lubricant combined mode dataset. 100% of the
samples were correctly classified through the LOOCV method. Unlike the condom sample
datasets, this dataset (Dataset C) has a larger range of samples, making it more accurate to assess
unknown samples. These results are summarized in the confusion matrix below (Table 52).
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Table 52: Confusion matrix of combined mode personal and condom lubricant LOOCV results of
the training set
Assigned Group Group Group Group Group Group Group Group Total
%
1
2
3
4
5
6
7
8
Actual
Correct
Group 1
0
0
0
0
0
0
0
5
5
100
Group 2
0
0
0
0
0
0
0
5
5
100
Group 3
0
0
0
0
0
0
0
5
5
100
Group 4
0
0
0
0
0
0
0
5
5
100
Group 5
0
0
0
0
0
0
0
25
25
100
Group 6
0
0
0
0
0
0
0
120
120
100
Group 7
0
0
0
0
0
0
0
15
15
100
Group 8
0
0
0
0
0
0
0
10
10
100
Total
5
5
5
5
25
120
15
10
190
100

The positive and combined mode spectral datasets differentiated into 8 and 9 different
groups respectively. The accuracy of both training datasets tested through LOOCV were both
high, but the combined mode training set was slightly more accurate with an LDA score of 100%
classification, compared to 97.9% for the positive information only. Therefore, using the
combined mode spectral dataset is preferred. The combined dataset includes negative ionization
peaks that assist in the classification ability of the training set, making it more accurate than the
positive mode data alone. Although, even though it might not make a large difference in
differentiating silicone-based lubricants, other lubricant types need the negative ionization mode
peaks in order to differentiate samples. Therefore, using the combined mode spectral dataset is
preferable to maintain method consistency method across different lubricant types.
The 18 personal and condom test lubricants from Table 3 were used to test the LDA
classification training set. Predictions of test samples’ group assignations based on human
observation of characteristic peaks were made before the samples were assigned groups using the
LDA training set. A summary of these group assignments is displayed in Table 53. Additional
summary of the data is displayed in the confusion matrix below (Table 54).
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Table 53: Summary of observation-based and LDA assigned groups of combined mode test
personal and condom lubricants
Sample Name
Amity Jack Premium Bang Oil
Crown Lightly Lubricated
Drip Silicone Lubricant Spicy
Gingerbread*
Gun Oil Silicone*
Jo Premium*
Juntos Silicone Lubricant
Luxxx Beauty Silicone
Lubricant
One Banana Split
One Move Lubricant
Sliquid Silver*
Spunk Hybrid
Swiss Navy Silicone*
Trojan A&I*
Trojan Ultra Thin Armor
Turn On Silicone
Wet Ecstasy*
Wet Platinum*
Wet Synergy

Observation-Based Group
Group 6
Group 6

LDA Assigned Group
Group 6 (5)
Group 4 (5)

Group 6

Group 6 (5)

Group 6
Group 6
Group 6

Group 6 (5)
Group 6 (5)
Group 6 (5)

Group 7

Group 7 (5)

Group 5
Group 6
Group 6
Group 5
Group 6
Group 6
Group 1
Group 6
Group 7
Group 7
Group 6

Group 5 (5)
Group 6 (5)
Group 6 (5)
Group 5 (5)
Group 6 (5)
Group 6 (5)
Group 1 (5)
Group 6 (5)
Group 7 (5)
Group 7 (5)
Group 6 (5)

Table 54: Confusion matrix of combine mode test personal and condom lubricant LDA results
Assigned Group Group Group Group Group Group Group Group Total
%
1
2
3
4
5
6
7
8
Actual
Correct
5
100
Group 1
0
0
0
0
0
0
0
5
Group 2
0
0
0
0
0
0
0
0
0
Group 3
0
0
0
0
0
0
0
0
0
Group 4
0
0
0
0
0
0
0
0
0
Group 5
10
100
0
0
0
0
0
0
0
10
60
91.7
Group 6
0
0
0
0
0
0
5
55
15
100
Group 7
0
0
0
0
0
0
0
15
Group 8
0
0
0
0
0
0
0
0
0
Total
5
0
0
5
10
55
15
0
90
94.4

Most of the LDA assigned groups agreed with the group predictions done based on
human observation of the peaks. Only one test sample was misclassified. The Crown Lightly
Lubricated sample was predicted to be Group 6, but the LDA assignment was Group 4. Minor
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peaks present in the spectra possibly affected the PC scores. Another aspect to consider is the
sixth, seventh, and eighth PCs that were included in the LDA training set which could have
influenced the resulting LDA classification.
Test samples that were the same as samples from the training set but from different lots,
designated by “*”, were assigned to identical groups. This is most likely because Group 6 is a
large group that encompasses most silicone samples.

5.3 Conclusion
Six different LDA training sets were created and tested using LOOCV and test groups of
personal and/or condom lubricants. The LOOCV test method was successful. Each training set
had an accuracy above 90%. However, there were issues in consistency with the classifications
of test samples. Variations of characteristic and minor peaks may have caused this incongruity.
Using a combination of positive and negative ionization mode spectra of the training
personal and condom lubricants, a classification scheme can be created. Eight groups were
observed based on cluster analysis and PCA. These groupings were used to create an LDA
training set, which was tested using LOOCV and a test group of 18 personal and condom
lubricants. The discrepancies of LDA assigned and observation-based group assignments was
anticipated since this is just the beginning of creating a database of lubricants and classification
scheme. As more samples are added to the training dataset, the groups, characteristic peaks, and
LDA assignments will become more stable and accurate. This is, however, a useful foundation to
the creation of a database and classification scheme for silicone-based lubricants.
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CHAPTER SIX:
CLASSIFICATION SCHEME
6.1 Significance and Use
The identification of silicone-based lubricants can aid investigators in sexual assault
cases. Although the presence of lubricants does not necessarily mean that there was a sexual
assault, the presence and identification of lubricants can corroborate or disprove a witness
statement or provide a link between a suspect and a crime scene or victim. Because of the
possibility of biodegradation and washing evidence off, samples should be collected as soon as
possible to avoid corruption or loss of sample. The classification scheme developed in this
research study is for use on neat samples and lays a good foundation for the analysis of unknown
silicone-based lubricants.

6.2 Summary of Test Method
Because of the nature of siloxanes, the use of GC-MS is not the best analytical technique.
The DART-TOFMS is ideal for the analysis of silicone-based lubricants. Its rapid analysis of
neat samples under atmospheric conditions with little to no sample preparation suits the analysis
of silicone based lubricants. The high resolution mass spectrometer ensures accurate
identification of molecular peaks.
The method of sample introduction follows the parameters set in Section 3.2.2 Sample
Acquisition Parameters for DART-TOFMS. Once spectra are procured, only peaks with a
relative intensity above 5% are included in the dataset to reduce the occurrence of noise. Then,
only peaks that match up with the training (Table 3) dataset are kept. The test dataset is projected
onto the PCA space of the training dataset in order to produce scores of test samples for the first
8 PCs. The samples are then assigned to a lubricant class through LDA.
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6.3 Silicone-Based Lubricant Classification Scheme
Table 55: Silicone-Based Lubricant Classification Scheme
Class
Light Silicone
Lubricant
(Group 4)
Normal Silicone
Lubricant
(Group 6)
Moisturizing
Lubricant
(Group 8)
Wet Personal
Lubricant
(Group 7)
Raspberry-Scented
Lubricant
(Group 2)
Flavored Condom
Lubricant
(Group 5)
Spermicidal
Lubricant
(Group 1)
Miscellaneous
Lubricant
(Group 3)

Characteristic Peaks
239.0339
371.1018
445.1191
239.0339
371.1018
445.1191
Capric/Capryllic Triglyceride (327.2525
and 355.2837)
371.1018

Relative Intensity (%)
<30
100
50<x<70
70<x<100
100
5<x<80
>90

371.1018
695.1244

100
30<x<100

Pulegone: 153.1279
219.1527
371.1018
445.1191
219.1527
371.1018
445.1191

100
100
20<x<60
<30
100
50<x<100
30<x<80

Nonoxynol-9: 617.4264 and 661.4527
371.1018

80<x<100
10<x<60

371.1018
445.1191

<5
<5

10<x<60

Eight major classes of silicone based lubricants have been established to assign siliconebased lubricant samples. These classes were based on the PCA groupings (Group #) determined
in the combined mode of Dataset C: condom and personal lubricants. Each sub-class has certain
characteristic peaks at different relative intensities that differentiate it from another sub-classes.
6.3.1 Light Silicone Lubricant
The medium silicone lubricant class is defined by the 239, 371, and 445 amu PDMS
peaks. The 371 amu peak is the base peak for the positive mode spectra for lubricants in this
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class. The 239 amu peak for this class has a relative intensity below 30%. The 445 amu peak for
this class has a relative intensity between 50 and70%.
6.3.2 Normal Silicone Lubricant
The normal silicone lubricant class is defined by the peak ratios of the 239, 371, and 445
amu PDMS peaks. The 371 amu peak is the base peak for the positive mode spectra for
lubricants in this class. The 445 amu peak for this class has a relative intensity between 30 and
70%. The difference between light and normal silicone lubricants is the 239 amu peak. A
medium silicone lubricant has a 239 amu PDMS peak with a relative intensity above 70%.
6.3.3 Moisturizing Lubricant
The moisturizing lubricant class is defined by the 371 amu PDMS and 327 and 355 amu
capric/capryllic triglyceride peaks. The triglyceride peaks have relative intensities above 90%.
The 371 amu PDMS peak has a relative intensity between 10 and 60%.
6.3.4 Wet Personal Lubricant
The Wet personal lubricant class seems to encompass all of the lubricants manufactured
by the Wet company. This sub-group is defined by the presence of the 371 amu PDMS peak and
695 amu peak. The main difference between the Wet brand personal lubricants and other
silicone-based lubricants is the presence of the 695 amu peak which is only present in the Wet
silicone-based personal lubricants. The 695 amu peak has a relative intensity between 30 and
100%. The 371 amu PDMS peak is the base peak of the positive ionization mode spectra.
6.3.5 Raspberry-Scented Lubricant
The raspberry-scented lubricant class is defined by the 153 amu pulegone and 371 and
445 amu PDMS peaks. The 153 amu pulegone peak is a scent component and was the base peak
for the positive mode spectra for lubricants in this class. The base peak for the negative mode
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spectra was the 219 amu peak. The 445 amu peak for this class also has a relative intensity below
30%. The 371 amu PDMS peak has a relative intensity between 10 and 60%.
6.3.6 Flavored Condom Lubricant
The flavored condom lubricant class is defined by the 219 amu and 371 and 445 amu
PDMS peaks. The 371 amu peak is the base peak for the positive mode spectra for lubricants in
this class. The 445 amu peak for this class has a relative intensity between 30 and 80%. For the
negative ionization mode spectra in the flavored condom lubricant class, the 219 amu peak is the
base peak, identifying it as a flavored condom lubricant.
6.3.7 Spermicidal Lubricant
The spermicidal lubricant class is defined by the 371 amu PDMS and 617 and 661 amu
nonoxynol-9 peaks. The nonoxynol-9 peaks are the main defining feature of this group since it is
associated with the spermicide itself. The 371 amu PDMS peak has a relative intensity between
10 and 60%.
6.3.8 Miscellaneous Lubricant
The miscellaneous lubricant class is primarily defined by the 371 and 445 amu PDMS
peaks but includes anything that doesn’t fit into the previous 8 classes. In this class, the 371
and/or 445 amu peaks are detected but not included in the dataset since they have a relative
intensity below 5%.
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6.4 Test of Classification Scheme
Three blind, unknown samples were prepared by a lab colleague to test the
aforementioned classification scheme. The results determined herein were eventually compared
to the actual lubricant sample’s classification.
Initially, the unknown samples were assigned to a class based on the sample peaks
observed in the spectra. Then, they were classified using the LDA training set developed in this
research study. The results are summarized in Table 56.
Table 56: Summary of observation-based and LDA assigned groups of combined mode blind test
lubricants
Sample Name
Blind Sample #1
Blind Sample #2
Blind Sample #3

Observation-Based
Group
Normal Silicone
Lubricant
Normal Silicone
Lubricant
Miscellaneous
Lubricant

LDA Assigned Group
Normal Silicone
Lubricant (5)
Normal Silicone
Lubricant (5)
Wet Personal Lubricant
(5)

Actual
Classification
Normal Silicone
Lubricant
Normal Silicone
Lubricant
Miscellaneous
(Water-based)

Most of the LDA observation-based groups agreed with the LDA assigned groups. Only
the Blind Sample #3 lubricant was misclassified as a Wet personal lubricant. Perhaps minor
peaks affected the scores enough to cause this misclassification. The PCA scores of Blind
Sample #3 seemed more similar to the miscellaneous group’s scores than the Wet personal
lubricant group’s scores. Another point to consider is that there are not many samples in the
training set for the miscellaneous and Wet personal lubricant groups. The miscellaneous group
only contains one sample while the Wet personal lubricant group is only comprised of three
samples. These groups may not have created good models for Blind Sample #3 to be compared
against. As the database continues to grow, the sample may classify correctly with a larger
training set.
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6.5 Conclusion
This classification scheme is a good foundation for creating a lubricant database. When
more samples are added to the training dataset, a more refined and accurate classification scheme
can be developed. Biodegradation may also affect the classification when real world samples are
introduced. This classification scheme is specifically for neat, undiluted samples straight from a
bottle or condom. However, this is a useful contribution to beginning a lubricant database and
creating a classification scheme for silicone-based lubricants.
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CHAPTER SEVEN:
CONCLUSION
7.1 Significance
The current analysis method identifies lubricant residue based solely on the major
component of its composition. The method developed in this research took into account minor
components as well as relative peak intensities corresponding to various PDMS peaks. This goal
of this research was to create a method of analysis to develop novel, distinct classes of siliconebased lubricants.
When compared to the use of ATR-FTIR, the DART-TOFMS proved to be superior in
identifying the chemical composition of the lubricants. ATR-FTIR is useful in identifying
functional groups and was able to develop classes based n the peak form, but it was poor when
attempting to identify components in a mixture. The DART-TOF-MS method led to
differentiating the lubricants based on the chemical components, creating classes based on the
positive and negative ionization spectra of the training set samples. Cluster analysis and PCA
were used to identify these classes, and LDA was used to assess these assignments.
The LOOCV method correctly identified 100% of the training set samples by
incorporating both positive and negative mode peak information. The test sample class
assignments were highly accurate but not perfect. One of the samples was assigned a class
different from the one assigned by human observation of the characteristic peaks. This may have
been because one of the groups encompassed most of the training set samples. This indicates that
most silicone-based lubricants produce similar spectra with few differences. This is consistent
with the fact that silicone-based lubricants generally have simple compositions, containing few
ingredients. The blind samples were assigned classes appropriately except for the third sample
which was classified against expectations. Despite the discrepancies of the developed
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classification scheme, this research is a good start for the development of a final classification
scheme and lubricant database. As more samples are added to the training dataset, LDA subgroup assignments will become more accurate and stable.

7.2 Future Work
This research utilized data obtained from neat silicone-based samples. Further research is
needed to explore how sexual encounters affect the integrity of the lubricant. Biodegradation
from the vaginal biome, dilution, and absorption all factor in to the resulting composition of
lubricant residue. This is a subject that should be explored in relation to silicone-based
lubricants.
Additional silicone-based lubricants should be added to the datasets to improve the
classification schemes. This should include different brands of lubricants and identical lubricants
from different lots. Variations across different lots can affect the composition of lubricants,
causing misclassifications of samples. A larger dataset can reveal additional factors to
differentiate the different lubricants.
Classification schemes of other major lubricant types such as water-based and oil-based
lubricants can also be developed through additional research. Compiling the datasets of all of the
different lubricants into a database is another goal to strive for. Creating a lubricant database can
provide an investigator additional information to connect a suspect to a crime scene and/or
victim.
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APPENDIX A:
TRAINING SET PERSONAL AND CONDOM LUBRICANT SPECTRA
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Astroglide Diamond Silicone Gel Personal Lubricant

128

Astroglide X Silicone Liquid Personal Lubricant

129

Cleanstream 100% Silicone Anal Personal Lubricant

130

Doc Johnson Drip Silicone Lubricant Spicy Gingerbread Personal Lubricant

131

Durex Real Feel Personal Lubricant

132

FuckWater Silicone Personal Lubricant

133

Gun Oil Silicone Personal Lubricant

134

ID Millennium Personal Lubricant

135

Jo Premium Personal Lubricant

136

Jo Premium Warming Personal Lubricant

137

Passion Silicone Personal Lubricant

138

Pink Silicone Personal Lubricant

139

Pjur Back Door Personal Lubricant

140

Pjur Original Personal Lubricant

141

Ride Bodyworx Silicone Personal Lubricant

142

Shibari Silicone Personal Lubricant

143

Sliquid Silver Personal Lubricant

144

Spunk Pure Personal Lubricant

145

Swiss Navy Silicone Personal Lubricant

146

Trojan A&I Personal Lubricant

147

Uberlube Personal Lubricant

148

Vivid Raspberry Personal Lubricant

149

Wet Ecstasy Personal Lubricant

150

Wet Naturals Personal Lubricant

151

Wet Platinum Personal Lubricant

152

Wet Uranus Personal Lubricant

153

Kimono MicroThin Aqua Lube Condom Lubricant

154

LifeStyles 3Sum Condom Lubricant

155

One Bubblegum Condom Lubricant

156

One Chocolate Strawberry Condom Lubricant

157

One Fresh Mint Condom Lubricant

158

One Island Punch Condom Lubricant

159

One Mint Chocolate Condom Lubricant

160

Trojan ENZ Lubricated Armor Condom Lubricant
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APPENDIX B:
TEST SET PERSONAL AND CONDOM LUBRICANT SPECTRA
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Amity Jack Premium Bang Oil Personal Lubricant

163

Doc Johnson Drip Silicone Lubricant Spicy Gingerbread Personal Lubricant

164

Gun Oil Silicone Personal Lubricant

165

Jo Premium Personal Lubricant

166

Juntos Silicone Personal Lubricant

167

Luxxx Beauty Silicone Personal Lubricant

168

One Move Personal Lubricant

169

Sliquid Silver Personal Lubricant

170

Spunk Hybrid Personal Lubricant

171

Swiss Navy Silicone Personal Lubricant

172

Trojan A&I Personal Lubricant

173

Turn On Silicone Personal Lubricant

174

Wet Ecstasy Personal Lubricant

175

Wet Platinum Personal Lubricant

176

Wet Synergy Personal Lubricant

177

Crown Lightly Lubricated Condom Lubricant

178

One Banana Split Condom Lubricant

179

Trojan Ultra Thin Armor Condom Lubricant

180

Blind Sample #1

181

Blind Sample #2

182

Blind Sample #3

183

REFERENCES
1.

Control, C. f. D. National Intimate Partner and Sexual Violence Survey: 2010 Summary

Report; 2010; pp 17-26.
2.

O'Neal, E. N.; Decker, S. H.; Spohn, C.; Tellis, K., Condom use during sexual assault. J

Forensic Leg Med 2013, 20 (6), 605-609.
3.

Organaization, W. H., Use and procurement of additional lubricants for male and female

condoms: WHO/UNFPA/FHI360 Advisory note. 2012.
4.

Wampler, T. P., Introduction to pyrolysis-capillary gas chromatography. J Chromatogr A

1999, 842 (1-2), 207-220.
5.

Chernetsova, E. S., DART mass spectrometry and its applications in chemical analysis.

Russian Chemical Reviews 2011, 80 (3), 235-255.
6.

Musah, R. A., Direct analysis in real time mass spectrometry for analysis of sexual

assault evidence. Rapid Commun Mass Spectrom 2012, 26, 1039-1046.
7.

Guilhaus, M., Principles and Instrumentation in Time-of-flight Mass Spectrometry. J

Mass Spectrom 1995, 30, 1519-1532.
8.

Blackledge, R. D., Condom trace evidence: a new factor in sexual assault investigations.

FBI Law Enforcement Bulletin 1996, 65 (5), 12-16.
9.

Maynard, P., A protocol for the forensic analysis of condom and personal lubricants

found in sexual asault cases. Forensic Sci Int 2001, 124, 140-156.
10.

Campbell, G. P., Analysis of Condom Lubricants for Forensic Casework. J Forensic Sci

2007, 52, 630-642.
11.

Coyle, T., A novel approach to condom lubricant analysis: In-situ analysis of swabs by

FTRaman Spectroscopy and its effects on DNA analysis. Science and Justice 2009, 49, 32-40.
184

12.

Burger, F., Forensic analysis of condom and personal lubricants by capillary

electrophoresis. Talanta 2005, 67, 368-376.
13.

Spencer, S. E., Matrix-assisted laser desorption/ionization–time of flight-mass

spectrometry profiling of trace constituents of condom lubricants in the presence of biological
fluid. Forensic Sci Int 2011, 207, 19-26.
14.

Perkin Elmer, I. FT-IR Spectroscopy: Attenuated Total Reflectance (ATR).

http://www.utsc.utoronto.ca/~traceslab/ATR_FTIR.pdf.
15.

Pavia, D. L., Introduction to Spectroscopy. 4th ed.; Brooks/Cole Cengage Learning:

2009.
16.

Blackledge, R. D., Forensic Analysis on the Cutting Edge. Wiley: 2007.

17.

Gross, J. H., Analysis of Silicones Released from Household Items and Baby Articles by

Direct Analysis in Real Time-Mass Spectrometry. J. Am. Soc. Mass Spectrom. 2015, 26, 511521.
18.

JEOL USA, I. AccuTOF™ DART™ Technology.

http://www.jeolusa.com/PRODUCTS/Mass-Spectrometers/AccuTOF-DART/AccuTOF-DARTTechnology.
19.

Bridoux, M. C., Capabilities and limitations of direct analysis in real time obitrap mass

spectrometry for the analysis of synthetic and natural polymers. Rapid Commun Mass Sp 2013,
27, 2057-2070.
20.

Musah, R. A.; Domin, M. A.; Walling, M. A.; Shepard, J. R. E., Rapid identification of

synthetic cannabinoids in herbal samples via direct analysis in real time mass spectrometry.
Rapid Commun Mass Sp 2012, 26 (9), 1109-1114.

185

21.

Nilles, J. M.; Connell, T. R.; Stokes, S. T.; Durst, H. D., Explosives Detection Using

Direct Analysis in Real Time (DART) Mass Spectrometry. Propell Explos Pyrot 2010, 35 (5),
446-451.
22.

Rowell, F.; Seviour, J.; Lim, A. Y.; Elumbaring-Salazar, C. G.; Loke, J.; Ma, J.,

Detection of nitro-organic and peroxide explosives in latent fingermarks by DART- and SALDITOF-mass spectrometry. Forensic Sci Int 2012, 221 (1-3), 84-91.
23.

Lesiak, A. D.; Adams, K. J.; Domin, M. A.; Henck, C.; Shepard, J. R. E., DART-MS for

rapid, preliminary screening of urine for DMAA. Drug Test Anal 2014, 6 (7-8), 788-796.
24.

Deroo, C. S.; Armitage, R. A., Direct Identification of Dyes in Textiles by Direct

Analysis in Real Time-Time of Flight Mass Spectrometry. Anal Chem 2011, 83 (18), 6924-6928.
25.

Miller, J. N.; Miller, J. C., Statistics and Chemomerics for Analytical Chemistry. 4 ed.;

Pearson: 2000.
26.

Wold, S.; Esbensen, K.; Geladi, P., Principal Component Analysis. Chemometr Intell Lab

1987, 2 (1-3), 37-52.
27.

Zadora, G.; Martyna, A.; Ramos, D.; Aitken, C., Statistical Analysis in Forensic Science:

Evidential Value of Multivariate Physicochemical Data. John Wiley & Sons Inc.: 2014.
28.

Izenman, A. J.; SpringerLink (Online service), Modern Multivariate Statistical

Techniques Regression: Classification, and Manifold Learning. Springer New York : Imprint:
Springer,: New York, NY, 2008.

186

